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Interdiffusion in multicomponent-multiphase alloys is commonly encountered in many 
materials systems. The developments of multicomponent-multiphase alloys require control of 
microstructure through appropriate heat treatment, involving solid-state transformations, 
precipitation processes, and surface modification, where the interdiffusion processes play a 
major role. In addition, interdiffusion processes often control degradation and failure of these 
materials systems. Enhanced performance and reliable durability always requires a detailed 
understanding of interdiffusion. 
In this study, ternary and quaternary interdiffusion in Ni-Cr-X (X = Al, Si, Ge, Pd) at 
900°C and 700°C, Fe-Ni-Cr-X (X = Si, Ge) at 900°C, and Ni3Al alloyed with Ir, Ta and Re at 
1200°C were examined using solid-to-solid diffusion couples. Interdiffusion fluxes of individual 
components were calculated directly from experimental concentration profiles determined by 
electron probe microanalysis. Moments of interdiffusion fluxes were examined to calculate main 
and cross interdiffusion coefficients averaged over selected composition ranges from single 
diffusion couple experiments. Consistency in the magnitude and sign of ternary and quaternary 
interdiffusion coefficient were verified with interdiffusion coefficients determined by 
Boltzmann-Matano analysis that requires multiple diffusion couples with intersecting 
compositions. Effects of alloying additions, Al, Si, Ge and Pd, on the interdiffusion in Ni-Cr-X 
and Fe-Ni-Cr-X alloys were examined with respect to Cr2O3-forming ability at high temperature. 
Effects of Ir, Ta and Re additions on interdiffusion in Ni3Al were examined with respect to phase 
stability and site-preference. 
In addition, a numerically refined approach to determine average ternary interdiffusion 
 iv
coefficients were developed. Concentrations and moments of interdiffusion fluxes are employed 
to generate multiple combinations of multicomponent interdiffusion coefficient as a function of 
moments. The matrix of multicomponent interdiffusion coefficients corresponds to the lowest 
order of the moment. It yields real and positive eigen values which provides reliable average 
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 1
CHAPTER 1: INTRODUCTION 
 
Commercially important materials for sustaining applications consist of multicomponent 
systems, and it is important to understand the interactions among all components with diffusional 
and thermodynamic considerations. Atomic transport process’s in multicomponent systems are 
commonly observed phenomena in various materials applications including solid-state phase 
transformations, oxidation, bonding, coatings, electronic packaging, etc. Multicomponent 
diffusion is defined [1] as the transport process, which occurs when the interdiffusion flux of a 
component is influenced by the concentration gradient of all independent components. 
The phenomenological description of multicomponent diffusion can be expressed by 
Onsager’s formalism [2-4], and is the important basis for experimental investigation of 
multicomponent systems. Experimental diffusion studies for isothermal conditions may enable 
the determination of interdiffusion coefficients, intrinsic diffusion coefficients, atomic mobilities 
and vacancy wind parameters. The Boltzmann-Matano analysis [5,6] employs independent 
interdiffusion couple experiments for a multicomponent system to determine interdiffusion 
coefficients at the intersecting composition of compositional diffusion paths. Dayananda and 
coworkers [7-12] developed a direct method to determine interdiffusion flux of individual 
components from experimental concentration profiles without the need of interdiffusion 
coefficients. This method paved way for a new analysis [13] to determine average interdiffusion 
coefficients for selected composition ranges from the single diffusion couple experiments. 
Numerous interdiffusion studies made use of these methods to analyze experimental 
concentration profiles. The experimental and numerical studies of current work mainly rely on 
these two techniques for the determination of ternary and quaternary interdiffusion coefficients. 
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Austenitic Ni-Cr and Fe-Ni-Cr based alloys are widely used in a variety of high-
temperature applications because of their ability to form a protective Cr2O3 scale [14-21]. 
Alloying additions not only are intended for improving mechanical properties of these alloys, but 
also for their high-temperature corrosion resistance. Low amounts of alloying additions (< 6 
at.%) to both Ni-Cr and Fe-Ni-Cr alloys are found to have beneficial affect in forming and 
retaining chromia scale [20-22]. Diffusional effects of minor alloy additions may play a 
significant role in formation and growth of Cr2O3 scale. Intermetallics have been a subject of 
numerous investigations [23-25]. L12 Ni3Al is one of the well-known intermetallic phases that 
maintains its strength up to its melting point. Various studies on these materials mainly focus on 
improving its high temperature stability. This long-range ordered solution accepts a very low 
amount of solutes. Understanding of multicomponent diffusional interactions can provide insight 
to site preference of solute elements in this intermetallic.   
 An extended analytical method of the new analysis [13] has been developed, in which 
average main and cross interdiffusion coefficients are determined over selected regions in the 
single diffusion couple experiment from the moments (series of higher-order integrands) of 
interdiffusion flux and associated concentration profiles.  This involves a mathematical treatment 
of simultaneous solutions of the zero moment interdiffusion flux flow equation with that of the 
higher-moment equations for the same component. Implementing this treatment for two 
independent components in ternary diffusion yields a series of four interdiffusion coefficients as 
a function of moment of the equation. These individual moments of interdiffusion quantities are 
treated as coefficients of linear equations in order to solve average ternary interdiffusion 
coefficients as variables using matrix algebra methods.  
 3
The work presented herein is in essence an analysis of diffusional interactions for high- 
temperature alloys for oxidation and hot-corrosion resistance. Alloys employed in this work are 
produced by arc-melting and drop-casting techniques. Solid-solid diffusion couples were made 
by diffusion annealing the polished disks together at 1200°C, 900°C and 700°C. After the 
isothermal treatments for designed length of time, the couple assemblies were quenched, and 
polished cross sections were analyzed for concentration profiles. Experimental concentration 
profiles were analyzed to determine interdiffusion coefficients. These interdiffusion coefficients 
were examined with respect to an ability to form protective oxide scales and preferential site 
occupation. 
This dissertation is divided into several chapters starting with Chapter 2 that surveys the 
literature on (1) diffusion and high temperature oxidation resistance of Ni-Cr, Fe-Ni-Cr systems 
with the addition of active alloying elements, (2) phenomenology of isothermal interdiffusion 
and (3) properties and application to the Ni3Al system. Chapter 3 presents an experimental 
isothermal interdiffusion investigation in Ni-Cr-X (X=Al,Si,Ge,Pd) alloys at 900°C and 700°C. 
Chapter 4 reports a similar work carried out for Fe-Ni-Cr-X (X=Si,Ge) alloys at 900°C. Chapter 
5 presents an experimental isothermal interdiffusion study in Ni3Al-X (X=Ir,Ta,Re) at 1200°C. 
Chapter 6 describes a refined analytical method to determine average ternary interdiffusion 
coefficients using moments of interdiffusion fluxes. Finally, Chapter 7 summarizes the findings 
from this work. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Austenitic Ni- and Fe-Ni-base alloys and their applications 
 
Austenitic Ni- and Fe-Ni-base alloys find a wide range of applications due to their 
remarkable abilities to withstand oxidative and corrosive environments and also because of their 
versatile mechanical enduring abilities [1]. Nickel has extensive solid-solubility within the fcc γ-
phase, and it readily accepts several alloying additions to form either a homogeneous solid-
solution strengthened further with precipitates dispersed within the matrix [2]. It can dissolve 35 
wt.% of Cr, 20 wt.% Mo, 20 wt.% W and 5 to 10 wt.% Al, Ti, Mn and V[3]. The dissolution of 
extensive elements within the ductile matrix of the γ-phase enables these alloys to possess 
excellent solid solution strengthening and corrosion and oxidation resistance characteristics [4]. 
Al addition together with other alloying additions provides a strong solution-hardening 
effect, whereas Fe and Cr additions remain weaker in this effect [2]. Unique intermetallic 
compounds are observed in Ni-base alloying systems. Ni3(Al,Ti), commonly known as γ’-phase, 
is a very significant precipitate as it provides key-strengthening effect through precipitation 
hardening in Ni-base superalloys [1]. 
Ni-Cr-base alloys are known for their corrosion and oxidation resistance during severe 
exposure of temperature and atmosphere [4-6]. Heating-element interconnects and high-
temperature alloy applications are quite common applications for these alloys. Together, both Ni 
and Cr form an eutectic system with approximately 45% of Cr dissolved in the austenitic solid 
solution of Ni and 35% of Ni dissolved in α-solid solution of Cr at 1395°C [7]. Peritectoid 
reaction at 590°C temperature is responsible for the formation of the γ’ phase.  
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Ni dissolves 11 wt.% Al in its austenitic phase at the maximum temperature of 
approximately 1400°C[7]. This limit drastically reduces at room temperature. Because of the 
great difference in the melting points of Ni (1455°C) and Al (660°C), the Ni-Al binary system 
incorporates several peritectic invariant reactions. NiAl, Ni3Al and NiAl are widely-known 
intermetallics formed in this system. Ni dissolves up to 8 wt.% Si in austenite solution at a 
temperature of 1143°C. The combination of eutectic, peritectic and peritectoid reactions 
associated with this system explains the complexity of this system to attain an extended solid 
solubility based on the Hume-Rothery rule. Ni-Ge system [7] has great similarity in comparison 
to the Ni-Si system [7] because of the similar properties of Si and Ge belonging IVA group. 
Nickel dissolves Ge up to 20 wt.% at the maximum temperature of 1124°C. The combination of 
several invariant reactions such as eutectic, eutectoid and peritectic explains the great 
dissimilarities in Ni and Ge. Several intermetallics can be observed in this binary system. In 
accordance with Hume-Rothery rules, Ni and Pd a noble metal exhibit complete solubility in 
both solid and liquid states.  
Fe-Ni-base alloys are very common and can be considered are economical substitution to 
Ni-base alloys in several aspects [7]. Most of the versatility factors of Ni base alloys are reflected 
in these alloys provided 25 wt.% minimum of Ni is dissolved in. Complete solubility of Fe and 
Ni can be observed in between 900 to 1400°C as fcc austenitic phase. This system provides the 
basis for stainless steels and other ferrous alloys to combat mainly corrosion related problems. 
The evolution of various Fe-Ni-base alloys is shown in Figure 2.1[8], with reference to 304 





Figure 2.1: Evolution of Fe-Ni-Cr Alloys due to several requirements.[8] 
 
 
The Fe-Cr system has been a basis for many engineering alloys for high-strength, 
corrosion-resistant applications. Cr is an bcc α-stabilizer, and it suppresses the fcc γ-phase (e.g., 
γ-loop). Oxidation of Fe-Cr alloys has been widely studied under different atmospheres [4-6]. 
Fe-Ni-Cr alloys offer excellent corrosion resistance properties in severe environments due to the 
well maintained impervious Cr2O3 scale formation. With a proper amount of Ni content, these 
alloys can operate at a maximum temperature of 1200°C. The application of Fe-Ni-Cr alloys 
 9
ranges from petrochemical environments to sulphurous atmospheres accompanied by high 
temperature. 
2.2 Oxidation and Hot-Corrosion Resistance of Ni and Fe-Ni-base Alloys 
 
Different types of corrosion or degradation of these alloys are mainly due to operation 
environments that include oxidation, carburization, nitridation, sulfidation and halogenation[3]. 
Addition of alloying elements has different influence on each of the corrosive environment. Most 
heat resistant alloys have sufficient amounts of Cr (with or without Al or Si) to form Cr2O3, 
Al2O3 or SiO2 protective oxide scales which provide resistance to environmental degradation. 
Cr-addition improves oxidation, carburization and sulfidation resistance of Ni- and Fe-
Ni-base alloys below 950°C. Ni- and Fe-Ni-base alloys with Cr addition can serve well against 
degradation by oil ash corrosion and molten glass. However, the addition of Cr does not provide 
any protection against fluorine and nitriding environment. Si-addition to Ni- and Fe-Ni-base 
improves resistance against oxidation, nitridation, sulfidation and carburization, and 
synergistically improves the scale resilience with Cr addition. However, Ni- and Fe-Ni-base 
alloys with Si addition degrades under chlorination environment. Al-addition to Ni- and Fe-Ni-
base alloys independently and synergistically (e.g., with Cr) improves the oxidation resistance, 
and helps against sufidizing and carburization, but does not improve nitridation resistance. 
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2.3 Ni3Al Intermetallic and Its Properties  
 
Ni3Al is known as γ’ phase, and finds a wide range of high-temperature applications 
including precipitation strengthening constituents in Ni-base superalloys [4]. These Ni3Al 
precipitates can be spherical or cuboidal. Alloying additions can further enhance its high- 
temperature strength, environmental stability and room-temperature toughness [9]. The 
compatibility of Ni3Al phase in terms of crystal structure and lattice parameter with an fcc Ni 
allows homogeneous nucleation of precipitates with low surface energy and extraordinary 
stability. Ni3Al precipitates contribute to remarkable strengthening in Ni-base superalloys by 
interaction with dislocations. In addition, the strength of Ni3Al increases as temperature increases 
[4].  
Figure 2.2(a) illustrates the crystal structure of Ni3Al[10]. Elemental additions to Ni3Al 
with high electronegativity tend to occupy Ni sites, whereas electropositive ones occupy the Al 
sites [4]. The coordination number of this L12 structure in terms of atoms surrounding Ni and Al 
are illustrated in Figure 2.2(b) and Figure 2.2(c) respectively. Ni has eight number of nearest 
neighboring sites to facilitate the substitutional exchange mechanism. On the other hand, Al is 
surrounded by 12 Ni atoms. For this reason, Ni and Ni-replacing alloying additions tend to have 
higher magnitude of interdiffusion coefficients than for Al and Al-replacing alloying elements. 
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Figure 2.2 : Unit cell of Ni3Al and nearest neighboring atoms surrounding Ni and Al sites. 
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2.4 Multicomponent Interdiffusion 
 
The phenomenology of multicomponent interdiffusion can be understood from Fick’s law 
[11]. The interdiffusion flux ( ˜ J i) of component (i) is directly proportional to its concentration 
gradient, ∂Ci ∂x: 
 
˜ J i = − ˜ D i
∂Ci (x,t)
∂x
          (2.1) 
 
where Di is called interdiffusion coefficient of component i. The negative sign indicates the 
nature of diffusion to occur down the concentration gradient. 
The phenomenological description of interdiffusion in multicomponent systems 
expressed on the basis of Onsager’s Formalism [12-14]. This requires (n-1) number of 
independent components to obtain (n-1)2 interdiffusion coefficients. Accordingly, interdiffusion 














      (2.2) 
 
The above equation requires (n-1) number of concentration gradients in the form of ∂Ci ∂x, to 
relate (n-1)2 numbers of interdiffusion coefficients in the form of ˜ D ij
n . Concentration dependent 
interdiffusion coefficients can be determined in ternary systems using the Boltzmann-Matano 
analysis [15, 16]. 
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−=           (i=1,2)             (2.3) 
 
where 31iD
~  and 32iD
~  refer to the average main and cross-interdiffusion coefficients (for the 
component i), respectively. Component 3 serves as dependent concentration variable. 
Implementing Eq. (2.3) for the interdiffusion fluxes of both independent components will 
yield two equations.  Finding another such set of ternary interdiffusion flux equations for another 
independent diffusion couple experiment of the same ternary system, provided the diffusion 
paths of both these separate experiments have a common intersecting composition will enable 
determination of all the four interdiffusion coefficients. This analysis is known as Boltzmann-
Matano analysis. Figure (2.3) illustrates series of such independent intersecting diffusion paths 
with one common path of AB.  This illustrates one way of Boltzmann-Matano analysis to 
determine interdiffusion coefficients along one direction of composition points.  
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Figure 2.3 :Exemplifying composition dependency of interdiffusion coefficients determination 
using Boltzmann-Matano Analysis. 
 
A method of direct determination of interdiffusion fluxes for all components of the 
concentration profiles without invoking the interdiffusion coefficients has been developed [17-




























∂             (2.4) 
 
where t is the time of diffusion annealing, i
~
J  is the interdiffusion flux and x is the diffusion 
distance that is perpendicular to the bonding interface of two solid materials.  Figure 2.2 (a) 
represents a schematic concentration profile for a component ‘i’ that develops in a solid-solid 
diffusion couple in an n-component system.  The interdiffusion flux at any section x of this 















                             (2.5) 
 
where Ci-∞ and Ci+∞ are the terminal concentrations and xo refers to the location of the Matano 
plane.  The determination of xo is based on the mass balance of individual behavior of the 










          (i=1, 2, 3)      [2.6] 
 
The integral in Eq. (2.6) for a selected value of x is given by the hatched area S1 as shown in 
Figure 2.4(a). The interdiffusion flux ˜ J i of component ‘i' determined as a function of x from Eq. 
(2.5) is shown schematically in Figure 2.4(b). The direct determination of interdiffusion fluxes 
enables assessing of diffusional behavior of the components to understand the concepts such as 




Figure 2.4: A schematic concentration profile (a) for component i in a solid-solid diffusion   
couple and (b) the corresponding interdiffusion flux profile.  Cio and ˜ J i( )x o refer to the 
concentration and the interdiffusion flux, respectively, at the Matano plane.  The hatched area S 








)dCx(x  and the cross-hatched area in (b) corresponds to the 
term ˜ J idxx o
+∞∫  for a component i. 
 
2.5 High-temperature oxidation 
 
High temperature oxidation of metals and alloys is very common phenomena where the 
combination of elevated temperature, oxygen, air and any oxide prevailing atmospheres are 
unavoidable. Oxidation between metal (M) and oxygen (O2) in its gaseous form can be expressed 
as: 
M(s) + O2 (g) = MO2(s)        (2.7) 
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The equilibrium partial pressure of oxygen that associates with the metal system can be related to 
the standard free energy of oxidation reaction as below. 
 
)/ln( )( 22 OMpMO
o aaRTG −=Δ         (2.8) 
 
where a(MO2) and a(M) are the activities of the oxide and the metal respectively and p(O2) is the 
partial pressure of the oxygen gas. 
As metal and metal oxide are solid phases in the Eq. (2.7), the activities of these phases 








RTGp oO Δ=          (2.10) 
 
Therefore, standard free energy of formation is required to use Eq. (2.10) to in order to determine 
partial pressure of oxygen. 
The change in this work function can be expressed using second law of thermodynamics 
as: 
 
ooo STHG Δ−Δ=Δ          (2.11) 
where oo SandH ΔΔ  are changes in standard enthalpy and entropy respectively. 
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The Ellingham diagram[33] makes use of Eq. (2.11) to express standard free energies of 
oxide formation to predict the predominant influence of oxides over each other. For the current 
oxidation work in Ni-Cr-X and Fe-Ni-Cr-X alloys, this information of standard oxide formation 
is expressed in Figure 2.5. From this figure it is evident that oxides of Al and Si are more stable 
than Cr, Ni and Fe. For this reason Ni and Fe-Ni are considered as solvents of these alloys 
expecting less tendency of formation of these oxides. The medium tendency of chromia 
formation is compensated by considering higher amount of Cr to expect predominance of this 
oxide on the alloy system.  
 
Figure 2.5 : Ellingham diagram of oxides pertaining to current studies. 
The Ellingham diagram is of only thermodynamic help in assessing the stability of 
oxides, kinetics of oxide formation are also very important to find out the extent of the reaction 
required to form the required oxide and also to estimate thickness and hierarchy of oxides 
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forming on the alloy system. The kinetics of oxidation follow either a logarithmic law or a 
parabolic law or a linear law or the combination of any of them in deciding the rate of oxide 
growth depending on the composition (partial pressure) and temperature combinations. However, 
the parabolic law is considered more relevant for high temperature oxidation. Figure 2.6 [21], 
illustrates the parabolic growth rate constant values of few oxides[4]. The lower the position of 
oxide, the more it will be beneficial in terms of providing slow-growth rate.  
 
 
Figure 2.6 : Kinetics of metal oxides at high temperatures. 
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According to the parabolic rate law of oxidation, the oxide growth proceeds with the 
continuos decrease in oxidation rate. Therefore, the rate of oxidation is inversely proportional to 





dx p=           (2.12) 
 
CtKx p +=⇒ 2
2          (2.13) 
 
Most of the alloys obey the parabolic law of oxidation at elevated temperatures. The diffusion of 
ions or electrons through the initially formed oxide scale is the characteristic feature of this 
oxidation. 
According to Wagner [34], when a metal is exposed to high temperature, oxidation 
proceeds in two steps. Figure 2.7 illustrates Wagner’s application of metal oxidation [35]. The 
first is to form a monolayer of oxide and second is its growth. Both these steps require transfer of 
metals ions from the substrate or oxygen ions from the atmospheric gaseous phase. Metal-oxide 
and Gas-oxide interfaces move relatively opposite to each other. Diffusion is the rate controlling 
step and is mainly due to the defect structure of the oxide. For thick scale formation ions have to 
move a larger distance whereas for thinner scales this distance decreases. The kinetics of oxide 
formation is parabolic in nature. Wagner’s model of parabolic oxidation rate obeys the following 
assumptions [4]. 
1. The oxide scale is dense and impervious. 
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2. Transport of ions, charged species or electrons is the rate controlling step. 
3. Thermodynamic equilibrium is established at metal-oxide and oxide-metal interfaces. 
4. Thermodynamic equilibrium is established thought the scale. 
5. The oxide follows negligible deviation from stoichiometry. 
6. The metal contains only negligible amount of oxide dissolved in it. 
7. The scale size is thicker than the distances required for space charges. 
 
 
Figure 2.7: Wagner’s illustration of metal oxidation [36]. 
 
As a thermodynamic equilibrium prevails at interfaces of metal-oxide and oxide-oxygen 
phases, activity depletion of the metal from the metal-oxide interface to oxygen-oxide interface 
and a reduction in partial pressure of oxygen from the oxide-oxygen interface to the metal-oxide 
interface complement each other. This consequently leads to ion migration. Thereby, both 
chemical and electrical potential gradients develop to provide a driving force for the oxidation. 





















1'        (2.14) 
 
where DM and DO are diffusivities of metal and oxygen respectively, in the oxide, and ZM is the 
metal volume, and u and u are the chemical potentials of oxygen at the metal-oxide and oxide-
oxygen interfaces, respectively. 
Oxidation of alloys is more complex than the oxidation of metals, and Wagner classified 
alloys into following groups: (1) base solute alloying additions in noble solvent, and (2) base 
solute with base solvent alloy. As shown in Figure 2.8, in this case element B is more reactive 
than element A. Depending on the amount of B, two sub-cases exist as shown in figure. In first 
sub-case, B is dilute in amount and tends to form dispersions of internal oxide within the matrix 
of selected A rich region. But, in the second sub-case when the B content is sufficient enough to 
form its own oxide, no discontinuous regions are observed.  The critical amount of B to form 
continuous oxide can be expressed, according to [4] as: 
 
2/1)]/)(/(3.0[ mOmBOoCritical VVDDNB ≥       (2.15) 
 
Where, DO, DB are the diffusivities of O and B respectively in the alloy. Vm and VmO are molar 
volumes of metal and oxide formed, and NO is the solubility of oxygen in the alloy. But, it is 
possible to form continuous oxide of B at its lower concentration, provided NO, DO and Vm are 
low and DB and VmO are high. 
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Figure 2.8 : Oxidation of Binary alloy consisting reactive B and noble A elements [35]. 
 
As shown in Figure 2.9, in this second case, though both elements A and B are reactive, 
BO is more stable than AO. When B content is not sufficient enough, it leads to the first sub-
case, where AO forms externally with BO remaining as internal oxide. On the other hand, with 
the availability of sufficient B, external BO only forms on the alloy surface. This second sub-
case is commonly used in designing alloys to withstand high temperature oxidation resistance. 
Also, this manifests parabolic oxide growth rate. 
 
 
Figure 2.9: Oxidation of Binary alloy, consisting oxide of B (BO) more stable than oxide of A 
(AO)[35]. 
In 1937, Griffiths and Pfeil [37] showed that rare earth addition to Ni-20Cr alloys had  
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beneficial effects in enhancing the life time of these alloys under cycling conditions for the 
application of heating elements. The presence of minor amount of an elemental constituent can 
induce changes in properties: physical, mechanical, chemical and quite out of proportion to the 
amount added. The beneficial effect of active elements on the oxidation behavior of high 
temperature NiCr and FeNiCr alloys has been observed for the last 5 decades and minor 
additions of active elements are now used with various MCrAl alloys (M= Fe and/or Ni), which 
include Cr2O3-as well as Al2O3 forming alloys. Active elements can be incorporated in one or the 
other forms with the substrate alloys. 
1. Dissolving minor element and form an alloy by melting. 
2. As an oxide dispersion on substrate surface. 
3. Ion implantation. 
The active elements promote the formation of a protective scale reduce the rate of 
continuing scale growth or inhibit the scale failure process. The major effect of alloying is to 
improve scale adherence. Different theories [38-44] have been proposed to explain the effects of 
minor alloying elements. These theories mainly incorporate: 
1. Active element oxides act as nucleation sites and promote selective oxidation of the 
protective-scale forming element, thereby curtailing the transient stage of oxidation. 
2. Modify growth mechanism of the oxide, especially applicable to Cr2O3 forming 
alloys. 
3. Modification of scale morphology and structure. 
4. Improvement of the scale plasticity by refining grain size. 
5. Formation of an secondary or intermediate scale. 
6. Forming oxide pegs internally to key the surface oxide along with the substrate. 
 25
7. Act as vacancy sinks. 
8. Establish chemical bonding. 
9. Prevent segregation of impurities. 
Some of the important parameters those can greatly help in designing alloys for high 
temperature protective oxide scales are: 
- Free energy of oxides of the alloying elements. 
- Crystallographic structure of oxides. 
- Pilling and Bedworth ratio of oxide compounds. 
- Solubility of elements in both substrate and coating systems. 
- Diffusivity of active elements in oxide scale and alloy. 
- Valencies of active elements and their atomic or ion radii. 
- Thermal conductivities of oxides. 
Active element addition can promote selective oxidation of Cr in alloy [43], and thereby 
initially protective Cr2O3 forms and prevents forming the other base metal oxides. The most 
possible mechanism [44] is shown Figure [2.8]. In this, the dispersed active element oxide 
particles form at the alloy surface and act as heterogeneous nucleation sites for the initially-
forming oxides, thereby reducing the spacing between nuclei. It minimizes time required for 
subsequent lateral growth processes to connect nuclei to form a protective Cr2O3 scale. This 
mechanism is proven to be reasonable and consistent with further similar studies of oxidation. 
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Figure 2.10: Schematic representation of role of active element oxide particles in providing 
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CHAPTER 3: INTERDIFFUSION IN NI-CR-X ALLOYS AT 
900°C AND 700°C 
3.1  Introduction 
 
Nickel-chromium base alloys are widely used in a variety of high-temperature 
applications due to their combination of good oxidation resistance and excellent high-
temperature strength, and are the basis for a number of commercial superalloy families [1-3]. 
Oxidation resistance in these alloys is derived from a continuous, slow-growing, adherent C2O3-
base oxide scale [1-3]. In particular, composition in the range of Ni alloyed with 20~30 wt.% Cr 
have been extensively studied as a model material for Cr2O3 scale formation [4-13]. 
Minor alloying additions (< 5wt.%) can significantly improve the oxidation resistance of 
Ni-base Cr2O3-forming alloys [14-16]. Effects include: (1) establishment of continuous Cr2O3 
scale formation at reduced Cr concentrations; (2) a decrease in the growth rate of Cr2O3; and (3) 
enhanced scale adherence [1,14,17]. For example, the addition of Si in Ni-28wt.%Cr promoted 
formation of both Cr2O3 and SiO2 [13], in which a continuous inner SiO2 layer acted as a 
diffusion barrier, and reduced the isothermal oxidation rate by suppressing cation transport 
through the Cr2O3 scale [6,13,17-20]. However, the same inner SiO2 layer can also reduce the 
spallation resistance, dependent on the level of Si and the continuity and thickness of the inner 
SiO2 layer formed [21]. 
Diffusional effects of minor alloy additions may play a significant role in the initial 
establishment of a continuous protective oxide scale [2,14,16,22,23]. It can also play a 
significant role in maintaining protective scale growth. For example, the growth of Cr2O3 can 
locally deplete Cr from the alloy in the subsurface region [24]. If the scale is locally damaged or 
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spalled, such a depletion can prevent the reformation of the Cr2O3 scale, and result in a transition 
to less-protective or non-protective oxidation behavior. Understanding of diffusional interactions 
in Ni-Cr-X alloys where X represents minor alloying additions can help design Ni base Cr2O3-
forming alloys with improved resistance against environmental degradation [25]. 
 In this work, interdiffusion in Ni-22at.%Cr-X (fcc γ phase) alloys with small additions of 
X (X = Al, Si, Ge, or Pd) is investigated using solid-to-solid diffusion couples annealed at 900°C 
for 168 hours and 700°C for 720 hours. This information can be used as a part of a larger study 
whose goal is to better elucidate the effects of minor alloying additions on oxidation of Cr2O3-
forming alloys. Addition of Si was selected because it has long been known to be beneficial to 
Cr2O3 scale formation [17] via both establishment of an inner layer of SiO2 and possibility 
enhanced diffusivity of Cr. To help probe these effects, additions of Ge were also selected. 
Germanium is thermochemically similar to Si in many regards, but does not form a protective 
oxide scale as does Si. Additions of Al at levels > 3~4wt.% can improve the oxidation via the 
formation of a protective Al2O3 scale [2,14,16,26]. At subcritical levels (2~3wt.%), Al may also 
be beneficial to the oxidation resistance of Ni-Cr alloys, in part via the formation of semi-
continuous inner region of Al2O3 particles [26,27]. Palladium was chosen for the study because it 
is a noble alloying addition, and would be expected to accumulate at the alloy/scale interface 
during oxidation and may improve the oxide/metal adhesion [28,29].  
 In this ternary interdiffusion study at 900°C and 700°C, the experimental concentration 
profiles were used to calculate interdiffusion fluxes of individual components, and to determine 
average effective interdiffusion coefficients ˜ D i
eff  and average ternary interdiffusion coefficients 
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˜ D ij
Ni  (i,j=Cr,X). Values of ˜ D Cr
eff  and ˜ D CrX
Ni  are examined to assess the effects of alloying additions 
on the interdiffusion behavior of Cr, and the Cr2O3-forming ability in Ni-Cr-X alloys. 
 
3.2 Determination of Interdiffusion Fluxes and Coefficients 
 
Onsager’s formalism for the interdiffusion flux ˜ J i of component i in a ternary system can 
be written as [30]: 
 











−=        (3.1) 
 
where ∂C1 ∂x and ∂C2 ∂x  are the two independent concentration gradients, and ˜ D i1
3  and ˜ D i2
3  
refer to the ternary interdiffusion coefficients. An experimental determination of the four 
concentration-dependent interdiffusion coefficients requires the use of the Boltzmann-Matano 
analysis with two independent diffusion couples that develop a common composition in the 
diffusion zone. Instead, the interdiffusion fluxes ˜ J i of all components can be determined directly 
from their concentration profiles of an infinite diffusion couple without the need of the 
interdiffusion coefficients on the basis of the relation [31]: 
 
˜ J i =
1
2t
x − xo( )dCi
Ci
−  or Ci
+
Ci x( )
∫      (i =1, 2,  ...,  n)      (3.2) 
where t is the time, −iC  and 
+
iC  are the terminal concentrations of the alloys employed for the 
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couple and xo refers to the location of the Matano plane. 
 The interdiffusion flux ˜ J i, determined from Eq. (3.2) can be integrated with respect to 
position x to define average effective interdiffusion coefficient ˜ D i











     (i =1,2,3)        (3.3) 
 
This effective interdiffusion coefficient incorporates all multicomponent diffusional interactions 









∑    (i ≠ j)        (3.4)  
 
The interdiffusion flux ˜ J i, determined from Eq. (3.2) as a function of x, can be multiplied by (x-
xo)n and integrated over a selected region, x1 to x2; in the light of Eq. (3.1), one gets [33]: 
 





























=−−−−=− ∫∫∫   (3.5) 
 
where ˜ D ij
3 (i, j =1,2) coefficients are the average values of main and cross-interdiffusion 
coefficients treated as constants over the selected composition range. Eq. (3.5) can provide four 
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equations involving the ˜ D ij
3 interdiffusion coefficients (n = 0, 1 or 2) and can be set up from 
interdiffusion fluxes calculated on the basis of Eq. (3.2) from the concentration profiles of a 
single diffusion couple. The ˜ D ij
3 coefficients, characteristic of the diffusion path, can be 
determined over selected composition ranges that include nonlinear segment of the profiles [33]. 
Determination of ternary interdiffusion coefficients by using Eq. (3.5) do not require the use of 
concentration gradients (i.e., ∂Ci ∂x), and significantly reduces the uncertainty involved on the 
determination of interdiffusion coefficients arising from microprobe measurement and 
concentration smoothening procedure [33]. 
 
3.3 Experimental Procedure 
 
Binary and ternary alloys with compositions reported in Table 3.1 were prepared with 
99.9% pure Ni, Cr, Al, Si, Ge and Pd by arc melting under an argon atmosphere. The alloys were 
chill-cast by water-cooled copper mold into rods with approximately vacuum 12 mm in diameter.  
The alloy rods were placed in a quartz tube, evacuated to a pressure less than 10-6 torr, and 
flushed with hydrogen. This hydrogen-flushing procedure was repeated several times and Ar was 
filled into a quartz capsule before the final seal.  They were homogenized at 900˚C for 168 hours 
in a horizontal Lindberg™ 3-zone tube furnace and water-quenched to preserve the high 
temperature microstructure.  The microstructures and compositions of the alloys were examined 
by optical microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy 
(EDS) and electron microprobe analysis (EMPA).  No measurable variation in the alloy 
compositions was observed and all alloys consisted of fcc Ni solid solution (γ-phase). 
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Table 3.1: Compositions of Ni-Cr-X alloys employed for solid-to-solid diffusion couples. 
Alloy 
Identification 
Composition  (atom fraction) Composition  (weight fraction) 
Ni Cr X Ni Cr X 
Ni 100.0 - - 100 - - 
NiCr 
(X = None) 78.0 22.0 - 80 20 - 
NiCrAl 
(X = Al) 72.5 21.3 6.2 77 20 3 
NiCrSi 
(X = Si) 74.0 22.0 4.0 78 20 2 
NiCrGe 
(X = Ge) 76.3 22.1 1.6 78 20 2 
NiCrPd 
(X = Pd) 76.1 22.3 1.6 77 20 3 
 
Diffusion disks with approximate thickness of 2 mm were cut from the rods of alloys and 
prepared metallographically by polishing through 0.25 µm diamond paste. Table 3.2 presented 
ternary diffusion coupes that were assembled with the disks held together in Invar™ steel jig 
consisting of two end plates and three threaded rods.  The couples were placed in quartz 
capsules, which were sealed at one end, and evacuated to a pressure less than 10-6 torr and 
flushed with hydrogen several times. Ar was filled into a capsule before the final sealing. The 
capsules containing the couples were annealed in a horizontal Lindberg 3-zone furnace at 900˚C 
for 168 hours and at 700˚C for 720 hours. After the anneal, the couples were quenched in water 
to preserve the high temperature microstructures. 
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Table 3.2: List of Ni vs. Ni-Cr-X and NiCr vs. Ni-Cr-X solid-to-solid diffusion couples annealed 
at 900°C for 168 hours and at 700°C for 720 hours. 
Series Diffusion Couples 
I Ni vs. Ni-Cr 
II 
Ni vs. Ni-Cr-Al 
Ni vs. Ni-Cr-Si 
Ni vs. Ni-Cr-Ge 
Ni vs. Ni-Cr-Pd 
III 
Ni-Cr vs. Ni-Cr-Al 
Ni-Cr vs. Ni-Cr-Si 
Ni-Cr vs. Ni-Cr-Ge 
Ni-Cr vs. Ni-Cr-Pd 
 
The diffusion assembly was then mounted, sectioned, metallographically prepared for 
microstructural observations. Excellent bonding within all diffusion couples was observed. Then, 
cross-section surface was repolished with 1µm diamond paste for electron microprobe analysis.  
The concentration profiles of Ni, Cr, Al, Si, Ge, and Pd for the diffusion couples were 
determined with a JEOL™ 733 microprobe by point-to-point counting techniques using pure Ni, 
Cr, Al, Si, Ge, and Pd as standards.  Intensities of Kα x-radiations were measured and converted 
to concentrations of Ni, Cr, Al, Si, Ge, and Lα x-radiations for that of Pd with appropriate ZAF 
corrections. Concentration profiles obtained from microprobe was smoothened by weighted-
spline-tool using MatLab™. It should be noted that the analytical method employed in this study 
to determine interdiffusion coefficients by integration of interdiffusion fluxes, vis. Eq. (3.5), do 
not require the use of concentration gradients. This method significantly reduces the influence of 
smoothening procedure on the determination of interdiffusion coefficients. 
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3.4. Interdiffusion in Ni-Cr-X Alloys at 900°C 
 
Figure 3.1 presents optical micrographs obtained from the diffusion couples Ni vs. Ni-Cr-
Al and Ni vs. Ni-Cr-Si that was annealed at 900°C for 168 hours. Excellent bonding was 
achieved during the diffusion anneal for all diffusion couples. Figure 3.2 presents an example of 
experimental and smoothened concentration profiles that were used for the determination of 
interdiffusion coefficients. Scatters in the concentration profiles for all diffusion couples were 
minimum and within the experimental uncertainty associated with EPMA. Experimental 
concentration profiles were smoothened with weighted-spline routine by using MatLab™. 
 
Figure 3.1. Typical optical micrographs of solid-to-solid diffusion couples etched with Kallings 
reagent: (a) Ni-Cr vs. Ni-Cr-Al, (b) Ni vs. Ni-Cr-Si annealed at 900°C for 168 hours. Specimens 
were slightly over-etched to clearly distinguish the experimental contact plane, xm. 
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Figure 3.2: Typical experimental and smoothened concentration profiles measured from solid-to-
solid diffusion couples (a,b) Ni vs. Ni-Cr-Al and (c,d) Ni-Cr vs. Ni-Cr-Si, annealed at 900°C for 
168 hours. 
 
From concentration profiles obtained from series I and II diffusion couples (i.e., Ni vs. 
Ni-Cr, and Ni vs. Ni-Cr-X), average effective interdiffusion coefficients ˜ D i
eff ’s on either side of 
the Matano plane were determined using Eq. (3.3). They are reported in Table 3.3. In general, 
˜ D i
eff  was higher on the Ci
o ~ Ci
+∞( ) composition range with higher Cr concentration relative to the 
other side of the Matano plane. Table 3.3 also reports that Al addition to NiCr alloy can increase 
or decrease the ˜ D Cr
eff  as a function of composition. This indicates appreciable variation in 
interdiffusion coefficients as a function of composition: specifically, Al increased ˜ D Cr
eff  on the 
Ci
o ~ Ci
+∞( ) composition range with higher Cr concentration. ˜ D Creff  was observed to increase with 
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Si addition to NiCr alloy especially on the Ci
o ~ Ci
+∞( ) side with higher Cr concentration. 
According to Table 3.3, Ge does not change ˜ D Cr
eff  significantly, while Pd addition to Ni-Cr alloy 
increased ˜ D Cr
eff , quite significant on the Ci
o ~ Ci
+∞( ) range with higher Cr concentration. 
 
Table 3.3 : Average effective interdiffusion coefficients determined from Ni vs. Ni-Cr-X 
diffusion couples annealed at 900°C for 168 hours. 
 
Diffusion Couple Composition Range
˜ D Cr




 (10-16 m2/s) 
˜ D Ni
eff  
 (10-16 m2/s) 
Ni vs. Ni-Cr 
(X = None) 
Ci
−∞ ~ Ci
o( ) 1.40 - 1.40 
Ci
o ~ Ci
+∞( ) 1.53 - 1.53 
Ni vs. Ni-Cr-Al 
(X = Al) 
Ci
−∞ ~ Ci
o( ) 0.91 3.31 1.83 
Ci
o ~ Ci
+∞( ) 1.58 4.68 2.19 
Ni vs. Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 1.68 5.74 2.26 
Ci
o ~ Ci
+∞( ) 3.00 6.91 3.57 
Ni vs. Ni-Cr-Ge 
(X = Ge) 
Ci
−∞ ~ Ci
o( ) 1.30 3.09 1.40 
Ci
o ~ Ci
+∞( ) 1.44 3.47 1.61 
Ni vs. Ni-Cr-Pd 
(X = Pd) 
Ci
−∞ ~ Ci
o( ) 1.77 1.19 1.74 
Ci
o ~ Ci
+∞( ) 4.09 2.07 3.92 
 
From concentration profiles obtained from diffusion couple series II (i.e., Ni vs. Ni-Cr-
X), average ternary interdiffusion coefficients ˜ D ij
Ni i, j = Cr,X( ) were determined on either side of 
the Matano plane using Eq. (3.5). These are reported in Table 3.4. It should be noted that these 
diffusion couples were designed to yield the same sign of ∂CCr ∂x  and ∂CX ∂x . Thus, positive 
and negative ˜ D CrX
Ni  indicates an increase and a decrease in ˜ J Cr , respectively. In general, larger 
magnitudes of ˜ D CrCr
Ni  and ˜ D XX
Ni  were observed on the Ci
o ~ Ci
+∞( ) composition range with higher 
Cr concentration. Al addition in the Ni-Cr alloy yielded positive ˜ D CrAl
Ni , and increased ˜ J Cr  in 
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accordance with previous work by Nesbitt [25] and Morral [34].  The magnitude of ˜ D CrAl
Ni  was 
quite large as reported in Table 3.4 on the Ci
o ~ Ci
+∞( ) with higher Cr concentration. Similarly, 
Si, Ge and Pd additions to Ni-Cr alloy increased ˜ J Cr  with positive ˜ D CrX
Ni . This effect was, again, 
stronger when Cr concentration is high on the Ci
o ~ Ci
+∞( ) particularly for Si and Pd. 
 
Table 3.4: Average ternary interdiffusion coefficients determined from Ni vs. Ni-Cr-X diffusion 

















Ni vs. Ni-Cr-Al 
(X = Al) 
Ci
−∞ ~ Ci
o( ) 0.78 0.31 0.40 1.99 
Ci
o ~ Ci
+∞( ) 1.11 1.72 0.43 2.84 
Ni vs. Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 1.23 0.15 0.44 2.92 
Ci
o ~ Ci
+∞( ) 2.05 4.88 0.57 3.35 
Ni vs. Ni-Cr-Ge 
(X = Ge) 
Ci
−∞ ~ Ci
o( ) 1.08 0.36 0.07 1.73 
Ci
o ~ Ci
+∞( ) 1.24 0.89 0.10 1.99 
Ni vs. Ni-Cr-Pd 
(X = Pd) 
Ci
−∞ ~ Ci
o( ) 1.43 4.06 0.01 0.98 
Ci
o ~ Ci
+∞( ) 3.49 4.86 0.01 1.76 
 
 
Diffusion couple series III was designed with initial ∂CCr ∂x  = 0, so that ˜ J Cr  is largely 
due to ∂CX ∂x , and depends on the magnitude and sign of ˜ D CrX
Ni . ˜ J X  has caused an uphill-
diffusion of Cr in the direction of ˜ J X  with positive ˜ D CrX
Ni  for Al and Si. This suggests that Al and 
Si increase the thermodynamic activity of Cr in Ni-Cr alloys. On the other hand, ˜ J Ge  and ˜ J Pd  did 
not caused any measurable redistribution of Cr ( ˜ J Cr  ≈ 0). Average ternary interdiffusion 
coefficients determined from diffusion couples series III are reported in Table 3.5. It should be 
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noted that Ge and Pd have lower contents in the Ni-Cr-X alloys than Al and Si, as reported in 
Table 3.1. 
 
Table 3.5: Average ternary interdiffusion coefficients determined from Ni-Cr vs. Ni-Cr-X 
diffusion couples annealed at 900°C for 168 hours. 
Diffusion Couple Composition Range 
˜ D CrCr











Ni-Cr vs. Ni-Cr-Al 
(X = Al) 
Ci
−∞ ~ Ci
o( ) 0.23 0.12 0.01 0.67 
Ci
o ~ Ci
+∞( ) 1.20 0.44 0.13 1.17 
Ni-Cr vs. Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 2.58 1.73 0.01 0.68 
Ci
o ~ Ci
+∞( ) 1.39 0.63 1.78 1.97 
Ni-Cr vs. Ni-Cr-
Ge 




ΔCCr Δx = 0 and cannot be determined. Ci
o ~ Ci
+∞( ) 
Ni-Cr vs. Ni-Cr-Pd 






Based on average effective interdiffusion coefficients and average ternary interdiffusion 
coefficients determined in this study, alloying additions of Al, Si, Ge and Pd have all increased 
˜ D Cr
eff  and yielded positive ˜ D CrX
Ni  particularly at high Cr content (~22at.%). Therefore, the Cr2O3-
forming ability of Ni-20at.%Cr-base alloy should improve with these alloying additions by 
establishing Cr2O3 scale, maintaining protective Cr2O3 scale formation, and in reformation of 
Cr2O3 on spallation. It should be noted that positive ˜ D XCr
Ni  reported in Tables 3.4 and 3.5 should 
also promote the formation of other scales (Al2O3, SiO2) in the γ (fcc) Ni-Cr alloy, which may 
reduce the rate of scale growth and/or change the thermo-mechanical properties of the scale. 
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3.5. Interdiffusion in Ni-Cr-X Alloys at 700°C 
 
Excellent diffusion bonding was achieved in all diffusion couples as shown by Figure 3.3 
that presents a typical optical micrograph obtained by etching (Kalling’s reagent) the polished 




Figure 3.3 Typical optical micrograph of solid-to-solid diffusion couple Ni vs. Ni-Cr-Ge 
annealed at 700°C for 720 hours. 
 
Figure 3.4 presents an example of experimental and smoothened concentration profiles 
that were used for the determination of interdiffusion fluxes and interdiffusion coefficients. The 
scatters in the concentration profiles for all diffusion couples were within the experimental 
uncertainty associated with EPMA. Experimental concentration profiles were smoothened with a 
smoothing-spline approximation by using MatLab. Consistency in experimental and smoothened 
concentration profiles of Cr in series III (see for example Figure 3.4), owing to similar terminal 
concentration was examined by multiple EPMA acquisitions (e.g., independent Cr concentration) 
and by close examination of concentration profiles for Ni and X ternary alloying additions (e.g., 
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dependent Cr concentrations). Consistency in terms of repeatable assessment of all concentration 
profiles was obtained for determination of interdiffusion fluxes and interdiffusion coefficients. 
     



























Figure 3.4: Typical experimental and smoothened concentration profiles measured from solid-to-
solid diffusion couples (a) Ni-Cr vs. Ni-Cr-Al and (b) Ni vs. Ni-Cr-Ge annealed at 700°C for 720 
hours. Note that concentration is given in atf, which stands for atomic fraction. 
 
Using Eq. (3.5), average effective interdiffusion coefficients, ˜ D i
eff ’s on either side of the 
Matano plane were determined from the concentration profiles obtained from series I and II 
diffusion couples (i.e., Ni vs. Ni-Cr and Ni vs. Ni-Cr-X). They are reported in Tables 3.6. These 
average effective interdiffusion coefficients are two orders of magnitude lower than those 
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determined at 900°C. ˜ D i
eff  was generally higher on the Ci
o ~ Ci
+∞( ) composition range with 
higher Cr concentration relative to the other side. 
 
Table 3.6:Average effective interdiffusion coefficients determined from Ni vs. Ni-Cr-X diffusion 
couples annealed at 700°C for 720 hours. 
Diffusion Couple Composition Range
˜ D Cr








Ni vs. Ni-Cr 
(X = None) 
Ci
−∞ ~ Ci
o( ) 1.98 - 1.98 
Ci
o ~ Ci
+∞( ) 2.34 - 2.34 
Ni vs. Ni-Cr-Al 
(X = Al) 
Ci
−∞ ~ Ci
o( ) 0.50 0.40 0.47 
Ci
o ~ Ci
+∞( ) 0.61 0.86 0.68 
Ni vs. Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 1.22 2.08 1.27 
Ci
o ~ Ci
+∞( ) 1.95 2.26 1.99 
Ni vs. Ni-Cr-Ge 
(X = Ge) 
Ci
−∞ ~ Ci
o( ) 1.39 2.38 1.43 
Ci
o ~ Ci
+∞( ) 2.74 5.17 2.97 
Ni vs. Ni-Cr-Pd 
(X = Pd) 
Ci
−∞ ~ Ci
o( ) 6.91 6.06 6.85 
Ci
o ~ Ci
+∞( ) 9.86 5.41 9.57 
 
Table 3.6 also reports that Al, Si and Ge diffuse faster than Ni in γ-phase Ni-Cr-X alloys. 
In the case of Ni vs. Ni-Cr-Pd, ˜ D i
eff ’s for Ni, Cr and Pd are similar. These results are in general, 
analogues observations made at 900°C. At 700°C, Table 3.6 shows that Al and Si additions to 
Ni-Cr alloy reduced ˜ D Cr
eff , but Pd additions to Ni-Cr alloy increased ˜ D Cr
eff  significantly, especially 
in the composition range of Ci
o ~ Ci
+∞( ). 
Concentration profiles obtained from diffusion couple series II and III (i.e., Ni vs. Ni-Cr-
X and NiCr vs. Ni-Cr-X) were employed to determine average ternary interdiffusion coefficients, 
Ni
ijD
~  on either side of the Matano plane using Eq. (3.5). These are reported in Tables 3.7 and 3.8. 
The magnitude of these interdiffusion coefficients is approximately two orders lower than those 
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determined at 900°C. The sign of the cross interdiffusion coefficients remained the same with 
those determined at 900°C. 
Series II diffusion couples were designed to yield the same sign of ∂CCr ∂x  and ∂CX ∂x  
where a positive and negative ˜ D CrX
Ni  indicates an increase and a decrease in ˜ J Cr , respectively. In 
general, higher magnitude of ˜ D CrCr
Ni  and ˜ D XX
Ni  was observed on the Ci
o ~ Ci
+∞( ) composition range 
with higher Cr concentration. The Al addition in the Ni-Cr alloy yielded positive ˜ D CrAl
Ni , and 
increased ˜ J Cr  in agreement with the previous work by Nesbitt [14], Thomson [15] and 
observation made at 900°C in this study. 
Table 3.7. Average ternary interdiffusion coefficients determined from Ni-Cr vs. Ni-Cr-X 

















Ni vs. Ni-Cr-Al 
(X = Al) 
Ci
−∞ ~ Ci
o( ) 0.48 0.53 0.06 0.42 
Ci
o ~ Ci
+∞( ) 0.54 0.02 0.10 0.35 
Ni vs. Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 0.96 0.58 0.03 1.20 
Ci
o ~ Ci
+∞( ) 1.42 0.05 0.05 1.30 
Ni vs. Ni-Cr-Ge 
(X = Ge) 
Ci
−∞ ~ Ci
o( ) 0.67 5.44 Negligible 2.51 
Ci
o ~ Ci
+∞( ) 0.93 5.84 Negligible 2.88 
Ni vs. Ni-Cr-Pd 
(X = Pd) 
Ci
−∞ ~ Ci
o( ) 6.49 4.92 Negligible 5.84 
Ci
o ~ Ci
+∞( ) 7.59 5.83 Negligible 5.58 
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The Si, Ge and Pd additions to Ni-Cr alloy also increased ˜ J Cr  with positive ˜ D CrX
Ni . This 
effect was stronger when Cr concentration was high on the Ci
o ~ Ci
+∞( ) side, particularly for Ge 
and Pd. At 900°C, ˜ D CrGe
Ni  was not significant to this extent. The Si, Ge and Pd additions to Ni-Cr 
alloy also increased ˜ J Cr  with positive ˜ D CrX
Ni . This effect was stronger when Cr concentration is 
high on the Ci
o ~ Ci
+∞( ) side, particularly for Ge and Pd. Also at 900°C [9], ˜ D CrGeNi  was not 
significant while ˜ D CrSi
Ni  and ˜ D CrPd
Ni  were significantly large. This study at 700°C finds that ˜ D CrGe
Ni  
and ˜ D CrPd
Ni  are large positive values while ˜ D CrSi
Ni  is not so significant. 
 
Table 3.8. Average ternary interdiffusion coefficients determined from NiCr vs. Ni-Cr-X 
diffusion couples annealed at 700°C for 720 hours.  
Diffusion Couple Composition Range 
˜ D CrCr











Ni-Cr vs. Ni-Cr-Al 
(X = Al) 
Ci
−∞ ~ Ci
o( ) 1.98 0.73 1.97 0.78 
Ci
o ~ Ci
+∞( ) 2.65 1.00 1.01 0.76 
Ni-Cr vs. Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 6.91 5.87 0.11 0.62 
Ci
o ~ Ci
+∞( ) 2.59 2.22 0.16 1.35 
Ni-Cr vs. Ni-Cr-
Ge 
(X = Ge) 
ΔCCr/Δx ≈ 0 and cannot be determined Ni-Cr vs. Ni-Cr-
Ge 
(X = Ge) 
 
Diffusion couple series III was designed so that the initial ∂CCr ∂x≈ 0. Therefore, ˜ J Cr  is 
mainly due to∂CX ∂x , and the magnitude and sign of ˜ D CrX
Ni . AlJ
~  and SiJ
~  have caused an uphill-
diffusion of Cr owing to positive NiCrAlD
~ and NiCrSiD
~ , respectively. On the other hand, ˜ J Ge  and ˜ J Pd  
did not cause any measurable redistribution of Cr ( ˜ J Cr  ≈ 0). However, Ge and Pd are lower in 
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concentration than those of Al and Si, in the Ni-Cr-X alloys, as reported in Table 3.1. Based on 
average effective interdiffusion coefficients and average ternary interdiffusion coefficients 
determined at 700°C, alloying additions of Al, Si, Ge and Pd have yielded positive ˜ D CrX
Ni . 






From experimental solid-to-solid diffusion couples, small addition of Al, Si, Ge, or Pd 
was observed to increase the overall interdiffusion flux of Cr in Ni-22at.%Cr-X (fcc γ phase) 
alloys. Experimental concentration profiles, measured after annealing at 900°C and 700°C in a 
three-zone tube furnace for 168 and 720 hours, respectively, were employed to determine 
interdiffusion fluxes, average effective interdiffusion coefficients and average ternary 
interdiffusion coefficients. In general, ˜ D i
eff  was observed to increase with higher Cr 
concentration. Also, ˜ D CrX
Ni  coefficients were determined to be positive with alloying additions of 
Al, Si, Ge, or Pd. These results suggest that these alloying additions can help the formation of 
Cr2O3-scale for initial scale formation, maintaining scale homogeneity during prolonged high-
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CHAPTER 4: TERNARY AND QUATERNARY 
INTERDIFFUSION IN FE-NI-CR-X ALLOYS AT 900°C 
4.1 Introduction 
 
Austenitic (fcc-γ) Cr2O3 forming Fe-Ni-Cr alloys are of potential interest for many 
applications due to their combination of good oxidation/corrosion resistance and high 
temperature strength [1-7]. Minor alloying additions (< 5 wt.%) on these alloys are found to 
increase the oxidation resistance by forming a slowly growing, adherent, continuous and 
impervious layer of Cr2O3 [4,8,9]. In this work, effects of Si and Ge alloying additions on the 
interdiffusion behavior of quaternary Fe-Ni-Cr-X (X = Si, Ge) alloys (fcc γ-phase) were studied 
by using solid-to-solid diffusion couples with due respect for the formation and growth kinetics 
of protective Cr2O3 scale of these alloys.  
  Ternary and quaternary interdiffusion coefficients are important tools to explain the 
effects of minor alloying additions on the oxidation of Cr2O3-forming alloys. In this work, 
interdiffusion in Fe-24at.%Ni-22at.%Cr-X (fcc γ phase) alloys (X = Si, Ge) was examined using 
solid-to-solid diffusion couples annealed at 900°C for 168 hours. The selection criteria of minor 
alloying additions (e.g., Si, Ge) for the case of Ni-Cr alloys has been described in earlier 
interdiffusion studies carried out at 900°C and 700°C [10,11]. Experimental concentration 
profiles are employed to calculate interdiffusion fluxes of individual components, and determine 
average effective interdiffusion coefficients and average ternary and quaternary interdiffusion 
coefficients. Interdiffusion coefficients are examined to assess effects of alloying additions on 
the interdiffusion behavior of Cr in promoting Cr2O3-formation in Fe-24at.%Ni-22at.%Cr-X 
alloys. 
 53
4.2  Determination of Interdiffusion Coefficients 
 
In this study, the interdiffusion fluxes iJ
~  of all components were determined directly 
from their concentration profiles using Eq. (3.2). Based on the integration of interdiffusion fluxes 
described in section 3.2, average effective interdiffusion coefficients, ˜ D i
eff  were calculated using 
Eq. (3.3) for individual components. Average ternary interdiffusion coefficients, as defined and 
described in section 3.2 were determined using Eq. (3.5) for ternary Fe-Cr-X alloys while those 
for quaternary Fe-Ni-Cr-X alloys were determined using the expression: 
 















































   (4.1) 
 
Eq. (3.5) provides four equations involving the 3ijD
~  interdiffusion coefficients (n = 0, 1) and can 
be set up from interdiffusion fluxes calculated using Eq. (3.2) from the concentration profiles of 
a single diffusion couple of the ternary system. Similarly, Eq. (4.1) provides nine equations 
involving nine 4ijD
~  interdiffusion coefficients (n = 0, 1 and 2) from the single diffusion couple in 
a quaternary system. The kijD
~  coefficients, characteristic of the diffusion path, can be determined 
over selected composition ranges that include nonlinear segment of the profiles [15]. 
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4.3  Experimental Procedure 
 
Ternary and quaternary alloys of Fe-Ni-Cr-X (fcc γ phase) system with compositions 
reported in Table 4.1 were prepared with 99.9% pure Fe, Ni, Cr, Si and Ge by arc melting under 
an argon atmosphere. These alloys were chill-cast by water-cooled copper molds into rods with 
approximately 12 mm in diameter. The alloy rods were placed in a quartz capsule, evacuated to 
pressure below 10-6 torr, and flushed with hydrogen. The hydrogen-flush procedure was repeated 
several times, and Ar was finally filled into the capsule before the final encapsulation. They were 
homogenized at 900°C for 168 hours in a horizontal Lindberg™ 3-zone tube furnace, and water-
quenched to retain the high temperature microstructure. The microstructures and compositions of 
the alloys were examined by optical microscopy, scanning electron microscopy (SEM), energy 
dispersive spectroscopy (EDS) and electron microprobe analysis (EMPA). No measurable 
variation in the alloy compositions was found, and all alloys consisted single-phase fcc solid 
solution (γ-phase). 
 
Table 4.1Nominal compositions of Fe-Ni-Cr-X alloys employed for solid-to-solid diffusion 
couple studies. Values in parenthesis are standard deviation. 
Alloy Identification 
Composition (atom percent) 
Fe Ni Cr X 
Fe-Ni 76.3 (0.7) 23.7 (0.7) - - 
Fe-Ni-Cr 55.5 (0.7) 23.1 (0.4) 21.4 (0.4) - 
Fe-Ni-Cr-Si (X = Si) 52.2 (0.7) 22.3 (0.4) 21.4 (0.3) 4.1 (0.4) 
Fe-Ni-Cr-Ge (X = Ge) 53.4 (0.3) 22.3 (0.4) 21.9 (0.3) 1.4 (0.3) 
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Alloy disks of approximately 2 mm in thickness were sliced from the rods of alloys, and 
prepared metallographically by polishing through 0.25 µm diamond paste. Table 4.2 presents 
ternary and quaternary diffusion coupes that were assembled with the disks held together in 
Invar™ steel jig consisting of two end plates and three threaded rods.  The couples were placed 
in quartz capsules, which were sealed at one end, and evacuated to a pressure less than 10-6 torr 
and flushed with hydrogen several times. Ar was filled into a capsule before the final sealing. 
The capsules containing the couples were annealed at 900˚C in a horizontal Lindberg 3-zone 
furnace for 168 hours. After the diffusion anneal, the couples were quenched in water to preserve 
the high temperature composition and/or microstructure. 
 
Table 4.2 : List of solid-to-solid diffusion couples annealed at 900ºC for 168 hours. 




Fe-Ni vs. Fe-Ni-Cr 
Fe-Ni vs. Fe-Ni-Cr-Si 
Fe-Ni vs. Fe-Ni-Cr-Ge 
 
The diffusion couple assembly was then mounted, sectioned and metallographically 
prepared for microstructural observations. Excellent diffusion bonding in all couples was 
observed. Then, cross-section surface was polished with 1µm diamond paste for electron 
microprobe analysis (EPMA). The concentration profiles of Fe, Ni, Cr, Si and Ge for the 
diffusion couples were determined with a JEOL 733 (Tokyo, Japan) microprobe by point-to-
point counting techniques using pure standards of all the constituent alloying elements.  
Intensities of Kα X-radiations were measured and converted to concentrations of Fe, Ni, Cr, Si 
and Ge with appropriate ZAF (atomic number, Z; absorption, A; fluorescence, F) corrections. 
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Concentration profiles obtained from EPMA were smoothened by a smoothening-spline-tool 
using MatLab (The Math Works, Natick, MA). The analytical method used in this study to 
determine interdiffusion coefficients is by the integration of interdiffusion fluxes (e.g. Eqs. 3.5 
and 4.1) only. It does not require the determination of concentration gradients that significantly 
reduces the influence of a smoothening procedure on the determination of interdiffusion 
coefficients. 
4.4. Results and Discussions 
 
Figures 4.1 and 4.2 present examples of experimental and smoothened concentration 
profiles that were used for the determination of interdiffusion fluxes and interdiffusion 
coefficients. The scatters in the concentration profiles for all diffusion couples were minimal and 
within the experimental uncertainty associated with EPMA. Consistency in experimental and 
smoothened concentration profiles of Ni, owing to similar terminal concentration was examined 
by multiple EPMA acquisitions (e.g., independent Ni concentration) and by close examination of 





Figure 4.1 :  Typical experimental and smoothened concentration profiles from solid-to-solid 
diffusion couple, Fe-Ni vs. Fe-Ni-Cr-Si annealed at 900°C for 168 hours. 
 
 
From concentration profiles obtained from diffusion couples, average effective 
interdiffusion coefficients ˜ D i
eff ’s on either side of the Matano plane were determined using Eq. 
3.2, and are reported in Table 4.3. Fe-Ni vs. Fe-Ni-Cr is considered as a reference to compare 
and contrast the diffusional interactions of alloying elements Si and Ge. Average effective 
interdiffusion coefficients reported in Table 4.3 are comparable in magnitude to those 
determined for Ni-Cr-X (Si, Ge) alloys at 900°C [12].  Alloying additions have increased the 
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magnitude of average effective interdiffusion coefficients of Cr and Fe on the Ci
o ~ Ci
+∞( ) side 
with X (X = Si or Ge) alloying additions. 
 
 
Figure 4.2 : Typical experimental and smoothened concentration profiles from solid-to-solid 
diffusion couple, Fe-Ni vs. Fe-Ni-Cr-Ge annealed at 900°C for 168 hours. 
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Table 4.3 : Average effective interdiffusion coefficients determined from Fe-Ni vs. Fe-Ni-Cr-X 
(Si, Ge) diffusion couples annealed at 900°C for 168 hours.  (Units: 10-16 m2/s) 






Fe-Ni vs. Fe-Ni-Cr 
Ci
−∞ ~ Ci
o( ) 0.6 N/A N/A 0.6 
Ci
o ~ Ci
+∞( ) 0.3 N/A N/A 0.3 
Fe-Ni vs. Fe-Ni-Cr-Si 
(X = Si) 
Ci
−∞ ~ Ci
o( ) 0.7 1.3 -2.8 0.9 
Ci
o ~ Ci
+∞( ) 0.8 1.2 -2.3 1.0 
Fe-Ni vs. Fe-Ni-Cr-Ge 
(X = Ge) 
Ci
−∞ ~ Ci
o( ) 0.7 2.8 3.9 0.7 
Ci
o ~ Ci
+∞( ) 1.8 2.7 2.9 1.7 
Note: effNiD
~  could not be determined since there was no observable development of concentration 
gradient (i.e., pseudo-binary). 
 
 
 Duh’s [16] study for interdiffusion in Fe-Ni-Cr alloys at 1100°C reported a decrease in 
Fe
CrCrD
~  values with an increase in Cr at constant Ni concentration.  Similar observation was made 
in this study from Fe-Ni vs. Fe-Ni-Cr diffusion couple where ˜ D Cr
eff  was observed to decrease on 
the Ci
o ~ Ci
+∞( ) region with higher Cr content. However, the influence of Si and Ge alloying 
additions on quaternary diffusion couples altered this trend by increasing the ˜ D Cr
eff  on the 
Ci
o ~ Ci
+∞( ) side where the contents of both Cr and X (X = Si or Ge) are higher. SiJ~  caused an 
uphill-diffusion of Ni as shown in Figure 4.1, which yielded a negative average effective 
interdiffusion coefficients of Ni, effNiD
~ , reported in Table 4.3. This indicates a significant 
diffusional interaction between Ni and Si in austenitic Fe-based alloys where ˜ J Ni  would be 
significantly influence by the concentration gradient of Si, ∂CSi ∂x. There was no “noticeably-
unusual” redistribution of Ni in Fe-Ni vs. Fe-Ni-Cr-Ge diffusion couple as shown in Figure 4.2. 
However, a higher magnitude of effNiD
~  in Table 4.3 is noted for all concentration ranges within 
this diffusion couple. 
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Concentration profiles obtained from diffusion couples were employed to determine the 
average quaternary interdiffusion coefficients ˜ D ij
Fe i, j = Cr,Ni,X( ) on either side of the Matano 
plane using Eq. (4.1). They are reported in Table 4.4. Table 4.4 reports that the magnitude of 
these interdiffusion coefficients are comparable to those obtained for Ni-Cr-X alloys at 900°C 
[11]. These diffusion couples were designed with initial ∂CNi ∂x ≈ 0, and to yield the same sign 
of ∂CCr ∂x  and∂CX ∂x , so that a positive and negative 
Fe
CrXD
~  indicates an increase and a 
decrease in ˜ J Cr , respectively. Also, the initial ∂CNi ∂x ≈ 0 implies that, NiJ
~  is mainly due to 
∂CCr ∂x  and/or ∂CX ∂x , and the magnitude and sign of 
Fe
NiCrD
~  and/or FeNiXD
~ . 
 
 Table 4.4 : Average quaternary interdiffusion coefficients determined from Fe-Ni vs. Fe-Ni-Cr-
X (X = Si or Ge) diffusion couples annealed at 900°C for 168 hours.  (Units: 10-16 m2/s) 


































o( ) 1.1 0.3 -2.1 -0.1 2.7 2.7 0.2 Neg. 0.1 
Ci
o ~ Ci







o( ) 0.8 -0.1 0.4 -0.3 4.3 4.3 0.1 -0.6 0.1 
Ci
o ~ Ci
+∞( ) 1.6 -0.4 2.9 -0.3 3.2 3.3 Neg. -0.3 1.5 
Note: “Neg.” refers to magnitude less than 0.1 x 10-16 m2/s. 
 
 The FeCrNiD
~  and FeNiCrD
~  cross coefficients have been reported small in magnitude and both 
positive and negative signs in literature [16-18] for Fe-Ni-Cr alloys. This holds true for 
quaternary cross coefficients, ˜ D CrNi
Fe  and ˜ D NiCr
Fe  reported in Table 4.4. This implies that there is no 
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significant influence of Ni and Cr on each other in austenitic Fe alloys. The magnitude of ˜ D SiSi
Fe  is 
lower than that of both ˜ D NiNi
Fe  and ˜ D CrCr
Fe  coefficients for Fe-Ni-Cr-Si alloys. However, the 
magnitude of ˜ D CrSi
Fe  and ˜ D NiSi
Fe  coefficients is comparable to that of ˜ D CrCr
Fe  and ˜ D NiNi
Fe  coefficients. 
The large magnitude of ˜ D NiSi
Fe  would have caused an uphill-diffusion of Ni. The magnitude of 
˜ D GeGe
Fe  coefficient is comparable with that of ˜ D CrCr
Fe , and slightly lower than that of ˜ D NiNi
Fe  
coefficient. Even though the magnitude of ˜ D NiGe
Fe  is large, an apparent uphill-diffusion of Ni is be 
absent due to a large ˜ D NiNi




Interdiffusion in Fe-Ni-Cr (fcc γ phase) alloys with small additions of Si and Ge was studied 
using solid-to-solid diffusion couples annealed at 900°C for 168 hours. Alloying addition of Si or 
Ge altered diffusional behavior of Ni and Cr in austenitic Fe-Ni-Cr alloys. Large magnitude of 
cross coefficients, ˜ D CrSi
Fe , ˜ D CrGe
Fe , ˜ D NiSi
Fe  and ˜ D NiGe
Fe  were observed in Fe-Ni-Cr-X (X=Si or Ge) 
alloys. The Si addition has caused on uphill-diffusion of Ni while there was no measurable uphill 
diffusion of Ni due to an increase in ˜ D NiNi
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CHAPTER 5: EFFECTS OF IR, TA AND RE ALLOYING ON 
INTERDIFFUSION OF L12-NI3AL AT 1200°C 
5.1. Introduction 
 
Nickel-base superalloys are extensively used in both aviation and land-based gas 
turbines, and many studies have been devoted to improve their mechanical properties and 
microstructural stability [1]. Ni-base superalloys are typically composed of L12 γ’-phase (Ni3Al) 
coherently precipitated in an fcc γ-phase matrix. The diffusion mobility database for Ni-base 
superalloys is available for fcc phase [2]. Although γ’ is the strengthening phase of Ni-base 
superalloys, a limited number of studies exists on interdiffusion of the γ’-phase [3-9], particularly 
when alloyed with other constituents in superalloys. An understanding of multicomponent 
diffusion processes in these alloys is very important because it is essential to achieve a durable 
microstructure for strength and oxidation resistance at high temperature. This study is also fueled 
by recent conceptual development of refractory based superalloys with L12 precipitates and 
refractory-modified aluminide coatings [10-15] for optimized oxidation resistance along with 
reduced interdiffsion between oxidation resistant coatings and structural superalloy substrate 
(e.g. to mitigate the formation of deleterious phases due to interdiffusion at the interface). 
 The crystal structure of Ni3Al is derived from an fcc based Cu3Au prototype lattice with 
face centered sublattice sites (α-sites) occupied by Ni-atoms and corner sublattice sites (β-sites) 
by Al-atoms. In general, highly electronegative substitutional elements (e.g. Pt, Cu and Co) 
occupy the α sites, where as highly electropositive ones (e.g. Ti, Ta and Nb) occupy the β sites 
in Ni3Al [1]. The relative site-preference for ternary alloying elements can be best illustrated 
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from the direction of the solubility lobes for the γ' phase within the ternary isotherm of Ni-Al-X 
(X = alloying addition) system at 1273K as shown by Figure 1 [16]. Site preference of ternary 
alloying additions to Ni3Al has attracted significant interest, as this true solid solution accepts 




Figure 5.1 : Solubility ranges of selected ternary alloying additions in Ni3Al (adopted from 
Ochiai [16]) at 1273K. 
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The alloying phenomenon plays an important role in enhancing the mechanical properties 
and high temperature oxidation resistance of this intermetallic [18-25]. The behavior of ternary 
substitutional alloying additions to Ni3Al was first reported by Guard and Westbrook [17] as Ni-
occupiers, Al-occupiers or Ni-and-Al-occupiers. Several studies [26-28] have predicted the 
change in site preference of alloying elements as a function of temperature and chemical 
composition of Ni3Al.   
Diffusional interactions of a ternary alloying addition to Ni3Al can be a tool to examine 
the site preference. The diffusion mechanism in ordered alloys is recognized to be more complex 
than for disordered solid solutions [29]. In the case of L12 structure, the diffusion mechanism is 
even more complex than that for B2 structure. Diffusion can occur through α or β site where Ni 
or Al atoms mainly occupy, respectively, and the diffusion coefficient largely depends on the 
alloy composition, namely the degrees of order [30-32]. While tracer diffusion studies in γ’ 
Ni3Al are difficult since 26Al is not readily available, self-diffusion of Ni and chemical/impurity 
diffusion in Ni3Al binary and Ni3Al-X ternary alloys (X= Co, Cu, Pt, Ti, Si, W, Ge, In, V, Mb, 
Cr, Fe, Mn) have been studied [3-5]. The temperature dependency of the diffusion for a ternary 
alloying addition is evident from Arrhenius rate law [5, 33-35]. The β-site occupiers have been 
observed to diffuse slower than the α-site occupiers [29,36]. This is attributed to the fact that, in 
L12-ordered structure, each Ni atom is surrounded by 4 Al atoms and 8 Ni atoms, where as an Al 
atom is surrounded by 12 Ni atoms. Therefore, the activation enthalpy of alloying element 
increases mainly due to the antisite-defect formation [36]. 
  
For an additional insight to understand the diffusion process in L12 structure, to enhance 
microstructural stability of Ni-base superalloys, and to develop refractory-modified aluminide 
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oxidation resistant coatings, we examined the ternary diffusional interaction of Ir, Ta and Re 
additions to the L12 Ni3Al phase. Solid-to-solid diffusion couples were assembled and annealed 
at 1473K for 5 hours. Based on concentration profiles obtained by electron probe microanalysis, 
average ternary interdiffusion coefficients from an integration of interdiffusion fluxes, and 
ternary interdiffusion coefficients via Boltzmann-Matano analysis were determined to assess 
how Ir, Ta and Re additions influence interdiffusion behavior of Ni and Al in L12 Ni3Al phase. 
Additional estimates of binary interdiffusion coefficients in Ni3Al, and tracer diffusion 
coefficients of Ir, Ta and Re in Ni3Al were made.  
 
5.2. Determination of ternary interdiffusion coefficients 
 
From Onsager’s formalism [37,38] and Fick’s law [39], the interdiffusion flux ˜ J i of 
component i in a ternary system can be expressed in terms of two independent concentration 
gradients ∂Cj/∂x by:  
 
˜ J i = − ˜ D i1
3 ∂C1
∂x
− ˜ D i2
3 ∂C2
∂x
     (i =1,2)        (5.1) 
 
where ˜ D ij
3’s refer to the ternary interdiffusion coefficients.  An experimental determination of the 
four concentration-dependent interdiffusion coefficients is generally carried out by the use of 
Boltzmann-Matano analysis with two independent diffusion couples that develop a common 
composition in the diffusion zone where the interdiffusion coefficients can be evaluated [40,41]. 
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 Alternatively, the interdiffusion fluxes of individual components can be determined 
directly from their concentration profiles without the need or use of the interdiffusion 
coefficients. The interdiffusion flux at any section x can be calculated directly from the 
concentration profile from the relation [42,43]: 
 





−  or Ci
+
Ci x( )
∫  dCi     (i =1,2, ...,  n)      (5.2) 
 
where t is the time, Ci
− and Ci
+  are the terminal concentrations, and xo refers to the location of the 
Matano plane. Based on the direct determination of interdiffusion fluxes, diffusional behavior of 
components can be examined, and observations of zero-flux-planes (ZFPs) and flux-reversals 
have been reported for individual components in isothermal ternary interdiffusion studies [42-
45].  Furthermore, the calculated interdiffusion fluxes can be related to interdiffusion parameters 
which can be employed to generate and characterize concentration profiles developed in ternary 
diffusion couples [46-49]. 
  
The interdiffusion flux ˜ J i determined from Eq. (5.2) as a function of x can be integrated 





∫ = − ˜ D i13 dC1
C1 x1( )
C1 x 2( )
∫ − ˜ D i23 dC2
C2 x1( )
C2 x 2( )
∫      (i =1,2)
          = ˜ D i1
3 C1 x1( )−C1 x2( )[ ]+ ˜ D i23 C2 x1( )−C2 x2( )[ ]     (i =1,2)
   (5.3) 
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where ˜ D ij
3’s correspond to the average values of main and cross interdiffusion coefficients. 
With ˜ D ij
3’s taken as constants, Eq. (5.1) is re-written as:  
 
˜ J i = − ˜ D i1
3 ∂C1
∂x
− ˜ D i2
3 ∂C2
∂x
     (i =1,2)        (5.4) 
 
If both sides of Eq. (5.4) are multiplied by x− xo( )
m and integrated over the diffusion 
zone between x1 and x2, one obtains in general [49]: 
 




∫ = − ˜ D i13 x − xo( )m dC1
C1 x1( )
C1 x 2( )
∫ − ˜ D i23 x − xo( )m dC2
C2 x1( )
C2 x 2( )
∫      (i =1,2)  (5.5) 
 
If the exponent m is chosen to be zero, Eq. (5.5) becomes identical to Eq. (5.3).  For m=1, Eq. 
(5.5) yields [49]: 
 
˜ J i x− xo( )dx
x1
x 2
∫ = − ˜ D i13 x− xo( )dC1
C1 x1( )
C1 x 2( )
∫ − ˜ D i23 x− xo( )dC2
C2 x1( )
C2 x 2( )
∫
                      = 2t ˜ D i1
3 ˜ J 1 x1( )− ˜ J 1 x2( )[ ]+ ˜ D i23 ˜ J 2 x1( )− ˜ J 2 x2( )[ ]{ }     (i =1,2)
   (5.6) 
 
Eqs. (5.3) and (5.6) provide four equations involving the ˜ D 11
3 , ˜ D 12
3 , ˜ D 21
3  and ˜ D 22
3  
interdiffusion coefficients and can be easily set up from experimental concentrations and the 
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corresponding interdiffusion fluxes. Hence, from the concentration profiles of a single diffusion 
couple, ˜ D ij
3 (i, j =1,2) coefficients, characteristic of the diffusion path, can be determined by 
using Eqs. (5.3) and (5.6) over selected composition ranges in the diffusion zone [49]. Eqs. (5.3) 
and (5.6) provide independent relations when the composition ranges are selected to include non-
linear segments of the profiles. This analysis method to determine average ternary interdiffusion 
coefficients has been directly employed in various studies [3, 50-59]. In addition, the 
independence of Eq. (5.3) and (5.5) in solving the average ternary interdiffusion coefficients for 
the concentration profiles obtained in this study is demonstrated in section 5.4.2.  In this paper, 
the analysis applied to the concentration profiles of experimental ternary diffusion couples in L12 
Ni-Al-X (X = Ir or Ta) intermetallics is carried out for 2 segments, one on either side of the 
Matano plane; the two chosen composition ranges are Ci
- −Ci
o( ) and Cio −Ci+( ), where Cio refers 
to the concentration at the Matano plane. The average ternary interdiffusion coefficients, ˜ D ij
3, 
determined on either side of the Matano plane are employed to simulate experimental 
concentration profiles using error-function solution for infinite ternary systems from Fujita and 
Gosting [60]. For Ni-Al vs. Ni-Al-Ir diffusion couples, the average ternary interdiffusion 
coefficients, ˜ D ij
3, are found to be consistent with ternary interdiffusion coefficients, ˜ D ij
3 , 
determined by Boltzmann-Matano analysis [40,41]. 
 
5.3. Experimental Details 
 
Ni-Al, Ni-Al-Ir, Ni-Al-Ta and Ni-Al-Re alloys were prepared by the vacuum arc melting 
of 99.97 wt.% Ni, 99.9 wt.% Al, 99.2 wt.% Ir, 99.2 wt.% Ta, and 99.2 wt. Re according to the 
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compositions presented in Table 5.1. The alloys were cast into a semi-cylindrical mold with the 
diameter of 8 mm in an arc furnace. The alloy rods were homogenized at 1473K for 137 hours in 
the vacuum furnace evacuated to a pressure less than 210−  Pa. The homogenized alloys were then 
sectioned into discs with the height of 1.5 mm. The surfaces of alloy discs were polished 
metallographically up to 1200-grit and cleaned thoroughly prior to diffusion couple assembly. 
 
Table 5.1 : Nominal composition of alloys employed for diffusion couple studies. 
Alloy Identification 
Composition (atom percent) Composition (weight percent) 
Ni Al Ir, Ta or Re Ni Al 
Ir, Ta or 
Re 
Ni-24.5Al 76.0 24.0 0 59.3 40.7 0.0 
Ni-25Al 75.0 25.0 0 58.0 42.0 0.0 
Ni-26Al 74.5 25.5 0 57.3 42.7 0.0 
Ni-23.5Al-1Ir 75.5 23.5 1.0 59.5 40.3 0.2 
Ni-24.5Al-1Ir 74.5 24.5 1.0 58.2 41.6 0.2 
Ni-23Al-2Ir 74.5 23.5 2.0 59.0 40.5 0.5 
Ni-23Al-3Ir 74.0 23.0 3.0 59.2 40.0 0.7 
Ni-23Al-1.5Ta 75.5 23.0 1.5 59.9 39.7 0.4 
Ni-23.5Al-0.5Re 76.0 23.5 0.5 59.7  40.2  0.1  
Ni-23.5Al-0.7Re 75.8 23.5 0.7 59.6 40.2 0.2  
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Table 5.2 presents diffusion couples that were assembled and analyzed in this study. 
Coupled alloys were put into a Si3N4 jig and annealed at 1473K for 0.5 hour in a vacuum furnace 
to promote initial bonding. Since the metal discs have larger thermal expansion coefficients than 
the Si3N4 jig, the discs can adhere to each other due to the compression during the annealing 
treatment. Each diffusion couple fabricated in this manner was then sealed in an evacuated 
transparent quartz capsule, and annealed at 1473K for 4.5 hours in an atmosphere furnace. All 
diffusion couples were water quenched after the high-temperature anneal to preserve high 
temperature microstructure and concentrations. In this study, the time required for the diffusion 
bonding treatment (0.5 hour) was added to the total annealing time. Thus, concentration profiles 
from all diffusion couples were analyzed with diffusion anneal time of 5 hours. 
Table 5.2 : Diffusion couples assembled and analyzed after anneal at 1473Kfor 5 hours. 
Series Diffusion Couples 
Ni-Al vs. Ni-Al-Ir 
Ni-25Al vs. Ni-23.5Al-1Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Ni-26Al vs. Ni-23Al-2Ir 
Ni-24Al vs. Ni-24Al-2Ir 
Ni-25Al vs. Ni-23Al-3Ir 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-Al vs. Ni-Al-Ta 
Ni-24Al vs. Ni-23Al-1.5Ta 
Ni-25Al vs. Ni-23Al-1.5Ta 
Ni-26Al vs. Ni-23Al-1.5Ta 
Ni-Al vs. Ni-Al-Re 
Ni-24.5Al vs. Ni-23.5Al-0.5Re 
Ni-24.5Al vs. Ni-23.5Al-0.7Re 
Ni-25Al vs. Ni-23.5Al-0.5Re 
Ni-26Al vs. Ni-23.5Al-0.7Re 
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Microstructures and concentration profiles of the annealed diffusion couples were 
analyzed by JEOL-JXA-8900 electron probe microanalyzer (EPMA). An accelerating voltage of 
20 kV, a beam current of 50 nA, and a probe diameter of 1 μm were employed for data 
acquisition of Ni Kα x-radiation peak using LIF crystal, Al Kα x-radiation peak using TAP 
crystal, Ir Lα x-radiation using LIFH crystal, and Ta Lα x-radiation using LIFH crystal. Pure 
element standards of Ni, Al, Ir, Ta, along with ZAF correction [61], were used for quantification 
of concentrations via point-to-point count technique. 
 
5.4. Results and Analysis 
5.4.1 Profiles of concentrations and interdiffusion fluxes 
 
Figures 5.2, 5.3 and 5.4 present typical concentration profiles obtained by EPMA 
measurements from diffusion couples, Ni-26Al vs. Ni-23Al-2Ir, Ni-24.5Al vs. Ni-23Al-1.5Ta, 
and Ni-25Al vs. Ni-23.5Al-0.5Re, respectively, annealed at 1473K for 5 hours. The x-axis 
represents the distance from the Matano plane and the open circles are EPMA measurement. 
Scatter in the concentration profiles for all diffusion couples were minimum and within the 
experimental uncertainty associated with EPMA. The interdiffusion fluxes of individual 
components were then determined using Eq. (5.2) from experimental concentration profiles that 
were smoothend with a series of weighted splines.  
While no zero-flux plane was observed, a significant diffusional interactions between Ni 
and Ir, Al and Ta, and Al and Re were observed when Ni3Al was diffusion annealed against 
Ni3Al alloyed with Ir, Ta, and Re respectively, as shown in Figures 5.2, 5.3, and 5.4. Clearly, the 
interdiffusion of Ni was greatly enhanced by the interdiffusion of Ir down the Ir gradient, while 
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Al exhibited an uphill diffusion against its own gradient due to the interdiffusion of Ta. In 
addition, interdiffusion of Al was reduced by the interdiffusion of Re against the gradient of Al. 
However, diffusional influences of Ir on Al, Ta on Ni, and Re on Ni are difficult to ascertain 
from the profiles presented in Figures 5.2, 5.3, and 5.4. Determination of ternary interdiffusion 
coefficients can quantify the extent and magnitude of these diffusional interactions, and provide 
competent approaches to compositional design, modification of alloys and protective coatings. 
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Figure 5.2 : Concentration profiles of (a) Ni, (b) Al and (c) Ir obtained from diffusion couple Ni-
26Al vs. Ni-23Al-2Ir annealed at 1473K for 5 hours. Open circles and solid lines represent 
EPMA measurement and calculated concentration profiles, respectively. 
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Figure 5.3 : Concentration profiles of (a) Ni, (b) Al and (c) Ta obtained from diffusion couple 
Ni-24.5Al vs. Ni-23Al-1.5Ta annealed at 1473K for 5 hours. Open circles and solid lines 
represent EPMA measurement and calculated concentration profiles, respectively. 
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Figure 5.4 : Concentration profiles of (a) Ni, (b) Al and (c) Re obtained from diffusion couple 
Ni-25Al vs. Ni-23.5Al-0.5Re annealed at 1473K for 5 hours. Open circles and solid lines 
represent EPMA measurement and calculated concentration profiles, respectively. 
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5.4.2 Average ternary interdiffusion coefficients 
 
From profiles of concentration and interdiffusion fluxes in Ni-Al vs Ni-Al-Ir diffusion 
couples, average ternary interdiffusion coefficients, ˜ D ij
Ni i, j = Al,Ir( ) and ˜ D ijAl i, j = Ni,Ir( ), were 
determined on either side of the Matano plane using Eqs. (5.3) and (5.6). Use of Eqs. (5.3) and 
(5.6) provides independent relations for the determination of average ternary interdiffusion 
coefficients as presented in Figure 5.5. In this Figure, for diffusion couple Ni-26Al vs. Ni-23Al-
2Ir whose concentration profiles are presented in Figure 5.2, the variation of ˜ D ij
Al i, j = Ni,Ir( ) in 
Eq. (5.5) where m = 0, equivalent to Eq. (5.3), and m = 1, equivalent to Eq. (5.6), is presented. 
The two lines generated by Eqs. (5.3) and (5.6) are sufficiently independent to obtain an unique 
solution of ˜ D ij
Al i, j = Ni,Ir( ) coefficients that are reported in Table 5.3. 
 78
 
Figure 5.5 : Variation of ˜ D ij
Al i, j = Ni,Ir( ) coefficients in Eq. (5.3), equivalent to Eq. (5.5) when m 
= 0, and (5.6) equivalent to Eq. (5.5) when m = 1. The two lines generated by Eqs. (5.3) and 
(5.6) are sufficiently independent to obtain an unique solution of ˜ D ij
Al i, j = Ni,Ir( ) coefficients that 
are reported for the composition ranges of Ci
- −Ci
o( ) and Cio −Ci+( ) in Table 5.3. 
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Table 5.3 :  Average ternary interdiffusion coefficients (10-16 m2/s) determined from Ni-Al vs. 
Ni-Al-Ir diffusion couples annealed at 1473K for 5 hours. 
Diffusion Couple Composition Range NiAlAlD
~  ˜ D AlIr
Ni  ˜ D IrAl







o( ) 623.7 -117.2 Ngl. 13.6 
Ci
o ~ Ci






o( ) 541.0 -84.7 Ngl. 10.5 
Ci
o ~ Ci






o( ) 871.4 -52 Ngl. 15.4 
Ci
o ~ Ci






o( ) 522 -107.3 Ngl. 16.4 
Ci
o ~ Ci






o( ) 440.9 -92.8 Ngl. 15.1 
Ci
o ~ Ci






o( ) 267.2 14.1 Ngl. 11.8 
Ci
o ~ Ci
+∞( ) 318.0 9.8 Ngl. 14.8 
Diffusion Couple Composition Range AlNiNiD
~  ˜ D NiIr
Al  ˜ D IrNi







o( ) 623.7 727.3 Ngl. 13.6 
Ci
o ~ Ci






o( ) 541.0 615.2 Ngl. 10.5 
Ci
o ~ Ci






o( ) 871.4 908.0 Ngl. 15.4 
Ci
o ~ Ci






o( ) 522 612.9 Ngl. 16.4 
Ci
o ~ Ci






o( ) 440.9 518.6 Ngl. 15.1 
Ci
o ~ Ci






o( ) 267.2 241.3 Ngl. 11.8 
Ci
o ~ Ci
+∞( ) 318.0 293.4 Ngl. 14.8 
Note: Ngl refers to magnitude less than 0.1 x 10-16 m2/sec.  
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The main diffusion coefficients, NiAlAlD
~  and AlNiNiD
~ , correspond well to the interdiffusion 
coefficients of Al and Ni reported in literature for binary Ni3Al at 1473K [3-9]. Estimation of 
binary interdiffusion coefficients from the ternary diffusion couples and the comparison to the 
interdiffusion coefficients of Al and Ni reported in literature for binary Ni3Al are presented in 
detail in section 5.4.4. The magnitude of these main coefficients for Al and Ni are observed to be 
larger with higher Al content as well. The main interdiffusion coefficient of Ir, ˜ D IrIr , is 20 to 40 
times lower in magnitude than the main coefficients of Ni and Al. Table 5.3 reports that ˜ D AlIr
Ni  
coefficients are negative, and smaller in magnitude than NiAlAlD
~  coefficients, and ˜ D IrAl
Ni  coefficients 
are negligibly small (< 0.1 x 10-16 m2/sec). Thus the interdiffusion flux of Al can be influenced 
only slightly by the interdiffusion of Ir. However, ˜ D NiIr
Al  coefficients are positive and large (e.g., 
larger than the ˜ D NiNi
Al  coefficients in some cases), while ˜ D IrNi
Al  coefficients are negligibly small (< 
0.1 x 10-16 m2/sec). The large positive ˜ D NiIr
Al  coefficient corresponds well with an enhanced 
interdiffusion of Ni (e.g., down the gradient of Ir). Against the concentration gradient of Ir, the 
large positive ˜ D NiIr
Al  coefficient can therefore reduce the interdiffusion of Ni. The average ternary 
interdiffusion coefficients reported in Table 5.3 indicate a strong diffusional interaction between 
Ni and Ir, both occupying the α-site in L12 lattice structure.  
The average ternary interdiffusion coefficients, ˜ D ij
Ni i, j = Al,Ta( ) and ˜ D ijAl i, j = Ni,Ta( ), 
determined on either side of the Matano plane for Ni-Al vs. Ni-Al-Ta couples are reported in 
Table 5.4. For diffusion couple Ni-24.5Al vs. Ni-23Al-1.5Ta whose concentration profiles are 
presented in Figure 5.3, the variation of ˜ D ij
Ni i, j = Al,Ta( ) in Eq. (5.3), equivalent to Eq. (5.5) 
where m = 0, and Eq. (5.6), equivalent to Eq. (5.5) where m = 1 is presented in Figure 5.6. The 
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two lines generated by Eqs. (5.3) and (5.6) are again sufficiently independent to obtain an unique 
solution of ˜ D ij
Ni i, j = Al,Ta( ) coefficients that are reported in Table 5.4. 
 
 
Figure 5.6 : Variation of ˜ D ij
Ni i, j = Al,Ta( ) coefficients in Eq. (5.3), equivalent to Eq. (5.5) when 
m = 0, and (5.6) equivalent to Eq. (5.5) when m = 1. The two lines generated by Eqs. (5.3) and 
(5.6) are sufficiently independent to obtain an unique solution of ˜ D ij
Ni i, j = Al,Ta( ) coefficients 
that are reported for the composition ranges of Ci
- −Ci
o( ) and Cio −Ci+( ) in Table 5.4. 
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Table 5.4 : Average ternary interdiffusion coefficients (10-16 m2/s) determined from Ni-Al vs. Ni-
Al-Ta diffusion couples annealed at 1473K for 5 hours. 
Diffusion Couple Composition Range NiAlAlD
~  ˜ D AlTa
Ni  ˜ D TaAl







o( ) 561 501.3 Ngl. 3.2 
Ci
o ~ Ci






o( ) 810.4 807.1 Ngl. 3.4 
Ci
o ~ Ci






o( ) 313.2 333.6 Ngl. 3.7 
Ci
o ~ Ci
+∞( ) 445 391.9 Ngl. 5.6 
Diffusion Couple Composition Range AlNiNiD
~  ˜ D NiTa
Al  ˜ D TaNi







o( ) 561 56.5 Ngl. 3.2 
Ci
o ~ Ci






o( ) 810.4 Ngl. Ngl. 3.4 
Ci
o ~ Ci






o( ) 313.2 -24.1 Ngl. 3.7 
Ci
o ~ Ci
+∞( ) 445 47.5 Ngl. 5.6 
Note: Ngl refers to magnitude less than 0.1 x 10-16 m2/sec. 
 
The main diffusion coefficients, ˜ D AlAl
Ni  and ˜ D NiNi
Al , again correspond well to the 
interdiffusion coefficients of Al and Ni reported in literature [3-9] for Ni3Al at 1473K. 
Aforementioned, estimation of binary interdiffusion coefficients from the ternary diffusion 
couples along with the comparison to the interdiffusion coefficients of Al and Ni reported in 
literature for binary Ni3Al are presented in detail in section 5.4.4. The main interdiffusion 
coefficient of Ta, ˜ D TaTa , is 10 to 40 times lower in magnitude than the main coefficients of Ni 
and Al. Table 5.4 reports that ˜ D AlTa




~  coefficients, while ˜ D TaAl
Ni  coefficients are negligibly small (< 0.1 x 10-16 m2/sec). Thus, the 
large positive ˜ D AlTa
Ni  coefficient corresponds well with an interdiffusion flux of Al (e.g., uphill 
diffusion) against the gradient of Ta. The ˜ D NiTa
Al  coefficients are positive, but much smaller than 
the ˜ D NiNi
Al  coefficients, and ˜ D TaNi
Al  coefficients are negligibly small (< 0.1 x 10-16 m2/sec). Thus the 
interdiffusion flux of Ni can be influenced only slightly by the interdiffusion flux of Ta. The 
average ternary interdiffusion coefficients reported in Table 5.4 indicate a strong diffusional 
interaction between Al and Ta, both occupying the β-site in L12 lattice structure. 
From profiles of concentration and interdiffusion fluxes in Ni-Al vs. Ni-Al-Re diffusion 
couples, average ternary interdiffusion coefficients, ( )ReAl,ji,D~ Niij =  and ( )ReNi,ji,D
~ Al
ij = , 
were determined on either side of the Matano plane using Eqs. (5.3) and (5.6). They are reported 
in Table 5.5. The magnitudes of main diffusion coefficients, ˜ D AlAl
Ni  and ˜ D NiNi
Al  are similar to the 
interdiffusion coefficients of Al and Ni reported in literature for binary Ni3Al at 1473K [3-10]. 
Estimation of binary interdiffusion coefficients from the ternary diffusion couples and the 
comparison to the interdiffusion coefficients of Al and Ni reported in literature for binary Ni3Al 
are presented in detail in section 5.4.4. The main interdiffusion coefficient, ˜ D ReRe is 
approximately 100 times smaller in magnitude than ˜ D AlAl
Ni  and ˜ D NiNi
Al . Table 5.5 reports that 
˜ D AlRe
Ni ’s are positive and comparable to the magnitude of ˜ D AlAl
Ni , while ˜ D ReAl
Ni  coefficients are 
negligibly small (< 0.1 x 10-16 m2/sec). Thus the interdiffusion of Al can be strongly influenced 
by the interdiffusion of Re. The ˜ D NiRe
Al  coefficients are also positive, but only 2 to 13 times 
smaller in magnitude than the ˜ D NiNi
Al ’s.  
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Table 5.5 : Average ternary interdiffusion coefficients (10-16 m2/s) determined from Ni-Al vs. Ni-
Al-Re diffusion couples annealed at 1473K for 5 hours. 
Diffusion Couple Composition Range NiAlAlD
~  ˜ D AlRe
Ni  ˜ D ReAl







o( ) 417.7 380.2 Ngl. 3.8 
Ci
o ~ Ci






o( ) 509.9 463.4 Ngl. 4.5 
Ci
o ~ Ci






o( ) 463.2 294.6 Ngl. 3.8 
Ci
o ~ Ci






o( ) 449.9 336.6 Ngl. 5.8 
Ci
o ~ Ci
+∞( ) 298.9 123 Ngl. 4.7 
Diffusion Couple Composition Range AlNiNiD
~  ˜ D NiRe
Al  ˜ D ReNi







o( ) 417.7 33.7 Ngl. 3.8 
Ci
o ~ Ci






o( ) 509.9 42.0 Ngl. 4.5 
Ci
o ~ Ci






o( ) 463.2 164.8 Ngl. 3.8 
Ci
o ~ Ci






o( ) 449.9 107.5 Ngl. 5.8 
Ci
o ~ Ci
+∞( ) 298.9 171.2 Ngl. 4.7 
Note: Ngl refers to magnitude less than 0.1 x 10-16 m2/sec. 
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The average ternary interdiffusion coefficients reported in Tables 5.3, 5.4 and 5.5 were 
employed to generate concentration profiles using error-function solution provided by Fujita and 
Gosting [60]. Excellent agreement between EPMA measurement and calculated concentration 
profiles were found for all couples. Typical examples are presented in Figures 5.2, 5.3 and 5.4 
where open circles are the EPMA measurements and solid lines are the calculated concentration 
profile. 
5.4.3 Ternary interdiffusion coefficients determined by Boltzmann-Matno analysis 
 
For the diffusion couples Ni-Al vs. Ni-Al-Ir and Ni-Al vs. Ni-Al-Re, several intersecting 
compositions were found among the diffusion paths. Intersecting diffusion paths shown in 
Figures 5.7 and 5.8 represent typical challenges in determining the interdiffusion coefficients by 
Boltzmann-Matano analysis for ordered intermetallics with ternary alloying addition. Two 
diffusion paths can intersect at a shallow angle or with negligible Ir and Re concentration 
gradient. In order to determine the ternary interdiffusion coefficients at these compositions, 
Boltzmann-Matano analysis was employed using a range of concentrations and distance that are 
certain with respect to EPMA measurement. The values of ternary interdiffusion coefficients 
estimated in this study are reported in Tables 5.6 and 5.7, and correspond well to the average 
ternary interdiffusion coefficients for either side of the Matano plane reported in Tables 5.3 and 
5.5, respectively. Slight deviation in values and change in signs of the AlNiReD
~  coefficients are 
attributed to the uncertainty in concentration gradient of Re. 
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Figure 5.7 :  Typical intersecting diffusion paths of Ni-Al vs. Ni-Al-Ir diffusion couples annealed 
at 1473K for 5 hours. Compositions at these intersections were employed for the determination 
of ternary interdiffusion coefficients based on Boltzmann-Matano analysis. 
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Figure 5.8 : Typical intersecting diffusion paths of Ni-Al vs. Ni-Al-Re diffusion couples 
annealed at 1473K for 5 hours. Compositions at these intersections were employed for the 
determination of ternary interdiffusion coefficients based on Boltzmann-Matano analysis. 
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Table 5.6 :  Ternary interdiffusion coefficients (10-16 m2/s) determined by Boltzmann-Matano 
analysis from Ni-Al vs. Ni-Al-Ir diffusion couples annealed at 1473K for 5 hours. 
Diffusion Couples with 














Ni-25Al vs. Ni-23Al-3Ir 
Ni-24Al vs. Ni-24Al-2Ir 
Al: 0.24 
Ir: 0.005 1021.3 -15.0 -39.9 12.5 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-25Al vs. Ni-23Al-3Ir 
Al: 0.239 
Ir: 0.019 494.7 -36.3 Ngl. 17.2 
Ni-26Al vs. Ni-23Al-2Ir 
Ni-25Al vs. Ni-23Al-3Ir 
Al: 0.239 
Ir: 0.020 563.9 -33.0 Ngl. 17.3 
Ni-24Al vs. Ni-24Al-2Ir 
Ni-25Al vs. Ni-23.5Al-1Ir 
Al: 0.240 
Ir: 0.001 634.5 -3.4 Ngl. 11.5 
Ni-24Al vs. Ni-24Al-2Ir 
Ni-25Al vs. Ni-23Al-2Ir 
Al: 0.241 
Ir: 0.019 419.3 -117.6 Ngl. 25.9 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Al: 0.243 
Ir: 0.001 594.0 -38.5 -15.0 11.0 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Al: 0.245 
Ir: 0.017 827.3 28.1 Ngl. 15.2 
Ni-25Al vs. Ni-23Al-3Ir 
Ni-25Al vs. Ni-23.5Al-1Ir 
Al: 0.240 
Ir: 0.010 623.0 -26.9 Ngl. 13.7 
Ni-25Al vs. Ni-23.5Al-1Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Al: 0.245 
Ir: 0.0002 644.4 -73.2 Ngl. 12.0 
Diffusion Couples with 










 ˜ D IrIr
Al  
Ni-25Al vs. Ni-23Al-3Ir 
Ni-24Al vs. Ni-24Al-2Ir 
Al: 0.24 
Ir: 0.005 981.4 983.9 39.9 52.4 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-25Al vs. Ni-23Al-3Ir 
Al: 0.239 
Ir: 0.019 493.0 512.2 Ngl. 18.8 
Ni-26Al vs. Ni-23Al-2Ir 
Ni-25Al vs. Ni-23Al-3Ir 
Al: 0.239 
Ir: 0.020 564.0 580.0 Ngl. 17.3 
Ni-24Al vs. Ni-24Al-2Ir 
Ni-25Al vs. Ni-23.5Al-1Ir 
Al: 0.240 
Ir: 0.001 634.5 626.4 Ngl. 11.6 
Ni-24Al vs. Ni-24Al-2Ir 
Ni-25Al vs. Ni-23Al-2Ir 
Al: 0.241 
Ir: 0.019 419.3 511.0 Ngl. 25.9 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Al: 0.243 
Ir: 0.001 579.0 606.6 15.0 26.0 
Ni-25Al vs. Ni-23Al-2Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Al: 0.245 
Ir: 0.017 827.3 784.1 Ngl. 15.2 
Ni-25Al vs. Ni-23Al-3Ir 
Ni-25Al vs. Ni-23.5Al-1Ir 
Al: 0.240 
Ir: 0.010 623.0 636.2 Ngl. 13.7 
Ni-25Al vs. Ni-23.5Al-1Ir 
Ni-24.5Al vs. Ni-24.5Al-1Ir 
Al: 0.245 
Ir: 0.0002 644.4 705.6 Ngl. 12.1 
Note: Ngl refers to magnitude less than 0.1 x 10-16 m2/sec. 
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Table 5.7 : Ternary interdiffusion coefficients (10-16 m2/s) determined by Boltzmann-Matano 
analysis from Ni-Al vs. Ni-Al-Re diffusion couples annealed at 1473K for 5 hours. 
Diffusion Couples with 




















Ni-24.5Al vs. Ni-23.5Al-0.5Re 
Ni-25Al vs. Ni-23.5Al-0.5Re 
Al: 0.239 
Re: 0.005 832.5 926.5 Ngl. 2.8 
Ni-24.5Al vs. Ni-23.5Al-0.5Re 
Ni-24.5Al vs. Ni-23.5Al-0.7Re 
Al: 0.2382 
Re: 0.005 244.2 216.0 Ngl. 3.1 
Ni-25Al vs. Ni-23.5Al-0.5Re 
Ni-24.5Al vs. Ni-23.5Al-0.7Re 
Al: 0.2393 
Re: 0.005 726.1 734.9 Ngl. 3.1 
Diffusion Couples with 




















Ni-24.5Al vs. Ni-23.5Al-0.5Re 
Ni-25Al vs. Ni-23.5Al-0.5Re 
Al: 0.239 
Re: 0.005 832.5 -96.8 Ngl. 2.8 
Ni-24.5Al vs. Ni-23.5Al-0.5Re 
Ni-24.5Al vs. Ni-23.5Al-0.7Re 
Al: 0.2382 
Re: 0.005 244.2 25.0 Ngl. 3.1 
Ni-25Al vs. Ni-23.5Al-0.5Re 
Ni-24.5Al vs. Ni-23.5Al-0.7Re 
Al: 0.2393 
Re: 0.005 726.1 -11.9 Ngl. 3.1 
Note: Ngl refers to magnitude less than 0.1 x 10-16 m2/sec. 
 
Several relative maxima and minima in concentration profiles (e.g., ∂Ci ∂x = 0 ) were 
also observed for Ni in Ni-Al vs. Ni-Al-Ir couples and for Al in Ni-Al vs. Ni-Al-Ta couples as 
shown in Figures 5.2 and 5.3. Ternary interdiffusion coefficients at these compositions were also 
determined since one of the terms in Eq. (5.1) becomes zero. These values are reported in Table 
5.8 for Ni-Al vs. Ni-Al-Ir couples, and correspond well to the average ternary interdiffusion 
coefficients on either side of the Matano plane reported in Table 5.3, and ternary interdiffusion 
coefficients determined by Boltzmann-Matano analysis reported in Table 5.6. Unfortunately, for 
Ni-Al vs. Ni-Al-Ta couples, the concentration and its gradient for Ta, where the concentration 
gradient of Al became zero (e.g., relative maxima and minima of Al), were uncertain (e.g., CTa ≈ 
0 and ∂CTa ∂x ≈ 0) to determine any ternary interdiffusion coefficients. The relative maxima and 
minima in concentration profiles were not observed in any Ni-Al vs. Ni-Al-Re diffusion couples. 
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Table 5.8 : Ternary interdiffusion coefficients (10-16 m2/s) determined at relative maxima and 















Ir: 0.00037 737.4 12.5 
Al: 0.2420 





Ir: 0.00005 1190.4 12.0 
Al: 0.2443 





Ir: 0.001 656.5 18.9 
Al: 0.245 





Ir: 0.00045 552.2 12.4 
Al: 0.2408 





Ir: 0.00011 1195.6 8.8 
Al: 0.2374 
Ir: 0.0296 778.7 26.8 
 
5.4.4 Estimation of binary interdiffusion coefficients in Ni3Al 
 
The ternary interdiffusion coefficients ˜ D AlAl
Ni  and ˜ D NiNi
Al  approach the binary iD
~  for Ni3Al 
as the concentration of Ir, Ta or Re decreases to zero.  Hence, values of ˜ D i (i= Ni or Al) were 
estimated from ternary diffusion couples where Ir, Ta or Re concentration was negligibly small 
in segments of the diffusion zone (e.g., Fick’s law for substitutional binary alloys).  Such regions 
were found in all couples since ˜ D IrIr , ˜ D TaTa , and ˜ D ReRecoefficients are much smaller than ˜ D AlAl
Ni  
and ˜ D NiNi
Al . The iD
~  values extrapolated from the ternary couples with large enough concentration 
 91
difference (e.g., ΔCAl or ΔCNi > 2 at.%) in terminal alloys are presented in Figures 5.9 and 5.10.  
The magnitude of iD
~  appears consistent with the available binary diffusion data [3-9] for Ni3Al. 
However, the composition-dependence could not be evaluated correctly since this estimation is 
carried out near the terminal end of the concentration profiles with high uncertainty in the 
magnitude of concentration gradient for Al, and assumes that the Ir, Ta and Re concentration, 




Figure 5.9 : Interdiffusion coefficients of Ni or Al in Ni3Al at 1473K compiled from this 
investigation and literature review. 
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Figure 5.10 : Interdiffusion coefficients of Ni or Al in Ni3Al at 1473K compiled from this 
investigation and literature review. 
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5.4.5 Estimation of tracer diffusion coefficient of Ir and Ta in Ni3Al 
 
For component i diffusing into a binary alloy j-k, the cross interdiffusion coefficient 
)ji( D~ kij ≠  becomes negligible at infinite dilution of component i in a j-k alloy [62]. Then the 

















−=→ ∗      (5.7) 
 
Thus, the tracer diffusion coefficients of Ir, Ta and Re in Ni3Al alloy can be estimated from the 
main interdiffusion coefficient of Ir, ˜ D IrIr
Ni  or ˜ D IrIr
Al , Ta, ˜ D TaTa
Ni  or ˜ D TaTa
Al , and Re, ˜ D ReRe
Ni  or ˜ D ReRe
Al  
using Eq. (5.7), provided that the concentration of Ir or Ta or Re approaches zero within the 
diffusion zone so that the cross interdiffusion coefficients, ˜ D IrAl
Ni  or ˜ D IrNi
Al , ˜ D TaAl
Ni  or ˜ D TaNi
Al , and 
˜ D ReAl
Ni  or ˜ D ReNi
Al  become negligible. Such regions were found in all couples since ˜ D IrIr , ˜ D TaTa  and 
˜ D ReRe coefficients are much smaller than ˜ D AlAl
Ni  and ˜ D NiNi
Al . Values of tracer diffusion coefficients 
of Ir, DIr
∗ , Ta, DTa
∗ , and Re, DRe
∗  were extrapolated from the main interdiffusion coefficients, ˜ D IrIr
Ni  
or ˜ D IrIr
Al , ˜ D TaTa
Ni  or ˜ D TaTa
Al , and ˜ D ReRe
Ni  or ˜ D ReRe
Al  as the concentration of Ir, Ta, and Re, respectively, 
becomes zero. The extrapolations for DIr
∗ , DTa
∗  and DRe
∗ from the ternary interdiffusion 
coefficients on the basis of Eq. (5.7) are presented in Figures 5.11, 5.12, and 5.13, respectively. 
The estimated values of DIr
∗  and DTa




Figure 5.11 : Extrapolation of ˜ D IrIr  coefficient for the estimation of tracer diffusion coefficient of 




Figure 5.12 : Extrapolation of ˜ D TaTa  coefficient for the estimation of tracer diffusion coefficient 
of Ta in Ni3Al at 1473K. 
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Figure 5.13 : Extrapolation of ReReD
~  coefficient for the estimation of tracer diffusion coefficient 
of Re in Ni3Al at 1473K. 
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Table 5.9 :  Tracer diffusion coefficients (10-16 m2/s) of Ir, Ta and Re in Ni3Al extrapolated from 
concentration profiles of ternary diffusion couples at 1473K. 




75.4Ni-24.6Al Ir 15.1 
75.3Ni-24.7Al Ir 14.6 
75.5Ni-24.5Al Ir 13.3 
76.1Ni-24.1Al Ir 13.6 
76.2Ni-23.8Al Ir 16.9 
Average Value for Ir 14.7 ± 1.4 
75.6Ni-24.3Al Ta 0.6 
75.1Ni-24.8Al Ta 5.3 
74.2Ni-25.8Al Ta 2.0 
Average Value for Ta 2.6 ± 2.4 
75.2Ni-24.8Al Re 4.0 
75.6Ni-24.4Al Re 8.1 
75.5Ni-24.5Al Re 4.1 
Average Value for Re 5.4 ± 2.3 
 
 
At these dilute concentration of Ir, Ta, Re the magnitude of tracer diffusion coefficients 
of Ir, Ta and Re are very similar to their respective main ternary interdiffusion coefficients. The 
estimated tracer diffusion coefficient for the β-site-occupying Ta (2.6 x 10-16 ± 2.4 x 10-16 
m2/sec) is lower than that for the α-site-occupying Ir (14.7 x 10-16 ± 1.4 x 10-16 m2/sec). The 
tracer diffusion coefficient of Re (5.4 x 10-16 ± 2.3 x 10-16 m2/sec) falls between the two tracer 
diffusion coefficients for Ir and Ta.  
5.5. Summary 
 
Ternary interdiffusion interactions of Ir and Ta addition on the L12 Ni3Al phase were 
examined using solid-to-solid diffusion couples annealed at 1473K for 5 hours. Average ternary 
interdiffusion coefficients were determined from an integration of interdiffusion fluxes for 
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individual components. The magnitude of ˜ D NiNi
Al  and ˜ D AlAl
Ni  coefficients was determined to be 
much larger than that of ˜ D IrIr , ˜ D TaTa , and ˜ D ReRe coefficients. The ˜ D NiIr
Al  coefficient was 
determined to be positive and large in magnitude; Ir substitutes in Ni-site and influences the 
interdiffusion of Ni significantly. The ˜ D AlTa
Ni  coefficient was positive and large in magnitude; Ta 
substitutes in Al-site and influences the interdiffusion of Al significantly. The NiAlReD
~  coefficient 
was determined to be positive and large in magnitude; Re substitutes in Al-site and influences 
the interdiffusion of Al significantly. Ternary interdiffusion coefficients were also determined at 
compositions of intersecting diffusion paths, and at relative maxima and minima in concentration 
profiles for Ir-alloyed Ni3Al. Consistency among ternary interdiffusion coefficients was 
observed. Profiles of concentrations were also examined to estimate binary interdiffusion 
coefficients in Ni3Al. The results agreed well with published values. Tracer diffusion coefficients 
of Ir, Ta and Re in Ni3Al were also estimated as DIr
∗  = 14.7 x 10-16 ± 1.4 x 10-16 m2/sec, DTa
∗  = 
2.6 x 10-16 ± 2.4 x 10-16 m2/sec, and ∗ReD  = 5.4 x 10
-16 ± 2.3 x 10-16 m2/sec at 1473K. 
  
The experiment and analysis reported herein demonstrates the practical use of analytical 
technique for multicomponent interdiffusion based on the determination and an integration of 
interdiffusion fluxes. The large magnitude of ˜ D NiIr
Al , ˜ D AlTa
Ni , and NiAlReD
~  coefficients also signifies a 
correlation in ternary diffusional interactions and site-preference of ordered ternary intermetallic 
alloys. In practical applications such as γ’-Ni3Al containing oxidation resistant coatings, Ir can 
substitute for Ni to reduce the interdiffusion fluxes of Ni from the Ni-rich superalloy substrate 
into the Al-rich oxidation resistant coatings [10-15]. Presence of Ta and Re in Ni-base superalloy 
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substrate can also reduce the interdiffusion fluxes of Al from the Al-rich coatings into the 
superalloy substrate. Microstructural stability of Ni-base superalloy can also improve by 
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CHAPTER 6: DETERMINATION OF AVERAGE TERNARY 
INTERDIFFUSION COEFFICIENTS USING MOMENTS OF 
INTERDIFFUSION FLUX AND CONCENTRATION PROFILES 
6.1  Introduction 
 
The analysis of multicomponent diffusion often requires nonlinear fitting procedures with 
careful attention required even for the near-linear segments. Determination of composition 
dependent interdiffusion coefficients from concentration profiles obtained from diffusion couples 
can become a highly complex process. Consequently, reporting unquestionable values even 
within a single-phase region of the diffusion couple experiment can pose challenges. The 
objective of this work is to present an extended analytical method of a analytical approach [1], 
wherein average main and cross interdiffusion coefficients are determined over selected regions 
from a single diffusion couple experiment using moments (series of higher order integrands) of 
interdiffusion flux. For a ternary system, implementing this analytical technique yields the four 
interdiffusion coefficients as a function of interdiffusion-flux-moments for two independent 
components. The analysis is applied to selected single-phase isothermal diffusion couples 
including hypothetical A vs. B, and experimental ones in Ni3Al-Ir [2] and Fe-Ni-Al [3] systems.  
 
6.2  Description of a Refined Approach 
 
From phenomenological description of ternary diffusion based on Onsager’s formalism 
of Fick’s law [4-6], an average ternary interdiffusion coefficients [1] can be employed to express 
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the interdiffusion flux iJ
~  of a component i in terms of two independent concentration gradients 



















~  refer to the average main and cross-interdiffusion coefficients, respectively. 
The interdiffusion flux at any section x can be calculated directly from the experimental 
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where t is the time, Ci- and Ci+ are the terminal concentrations, and xo refers to the location of the 
Matano plane. Figure 6.1(a) illustrates a typical concentration profile, and Figure 6.1(b) shows 
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The interdiffusion flux iJ
~
 for ‘m’ number of moments can be determined from Eq. (6.2) 
as a function of x, by multiplying both sides of Eq. (6.1) with (x-xo)m. An integration over a 
selected region, x1 to x2, yields [1]: 
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Eq. (6.3) is the recursion equation [8], and also can be referred as “Modified Onsager’s Flow 
Equation” that involves moments of interdiffusion fluxes. By varying the m values from m = 0 to 
m = ∞ for the two independent components (e.g., 1 and 2), Eq. (6.3) can be written to provide 
infinite number for set of four equations to solve for the four 3ijD
~  interdiffusion coefficients. 
Solving each combination of these equations provides values of individual series for all the four 
average ternary interdiffusion coefficients.   
Variation of ˜ J i(x− x0)
m
x1
x 2∫ dx integral is presented in Figures 1(b) through 1(f). For the 
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Eq. (6.4) is a statement of mass conservation, Eq. (6.5) is proportional to the centroid or the 
mean of the distribution in terms of concentration integral of the diffusion distance, and Eq. (6.6) 
is proportional to moment of inertia or dispersion [8]. Eqs. (6.4), (6.5) and (6.6) and all higher 
order equations can provide linearly independent equations that can yield unique solution at the 
intersection of any two equations. 
6.3  Thermodynamic Criteria of Interdiffusion Coefficients 
 
Numerical requirement of ternary interdiffusion coefficients based on Fickian behavior and 
thermodynamic stability of the solid solutions are presented by Eq. (6.7) and Eqs. (6.8) through 
(6.10), respectively [9]. These can be used as selection criteria to identify the representing values 
of the average ternary interdiffusion coefficients in a single-phase region. Use of these selection 
criteria will ensure real positive eigen-values of the diffusivity matrix, which then can be 
employed for the generation of concentration profiles based on analytical error function solution 
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6.4. Application of the Method 
 
The interdiffusion coefficients determined at the lowest possible m-value that satisfy all 
the above requirements and constraints represent the average interdiffusion coefficients of a 
particular composition range within the diffusion couple. In most cases, solving Eq. (6.4) where 
m = 0 and Eq. (6.5) where m = 1 yields reliable ternary interdiffusion coefficients. 
Aforementioned, extrapolating polynomial curves of all 4 interdiffusion coefficients determined 
as a function of m, to the m = 0 will further improve the accuracy of the interdiffusion 
coefficients.  But for cases where Eqs. (6.4) and (6.5) do not satisfy the above mentioned 
requirements and constraints, vis. Eqs. (6.7) through (6.10), higher order combinations (e.g., m = 
0 and m > 1) may provide values of average ternary interdiffusion coefficients. 
In Table 6.1 are listed solid-to-solid isothermal diffusion couples in the A-B, (Ni,Ir)3Al 
and Fe-Ni-Al systems selected from literature [2,3]. Hypothetical A vs. B couple has been 
chosen to verify the accuracy in obtaining parent interdiffusion coefficient to regenerate the 
concentration profiles. These initial values are chosen such that they obey all requirements and 
constraints given in Eqs. (6.7) through (6.10). Concentration profiles from Ni-26.0Al vs. Ni-
23.0Al-2Ir diffusion couple exhibits an relative maximum and minimum for Ni with a strong 
diffusional interaction with Ir. The β8 vs. β9 couple from the Fe-Ni-Al system presents “near-
linear” segments in Ni and Al concentration profiles.  
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Table 6.1 :  Selected hypothetical and experimental ternary diffusion couples investigated in 
various systems.  
Diffusion Couples and 
Terminal Compositions (At. Pct) 
Diffusion Annealing Parameters Reference Temperature (°C) Time (hours) 
A (0C1-0C2-100C3) vs. 
B (60C1-40C2-0C3) 
N/A 100 N.A.  
Ni-26.0Al vs. 
Ni-23.0Al-2Ir 1200 5 [2] 
β8 (18.0Fe-51.0Ni-20.9Al) vs. 
β9 (37.9Fe-39.0Ni-23.1Al) 
1000 96 [3] 
 
The hypothetical and experimental concentration profiles of selected ternary diffusion 
couples listed in Table 6.1 are presented in Figures 6.2(a), 6.3(a) and 6.4(a). Thick lines 
represent parent or experimental concentration profiles where as thin lines correspond to 
calculated profiles. Interdiffusion fluxes of individual components were calculated using Eq. 
(6.2). Average ternary interdiffusion coefficients 3ijD
~
 were determined by solving two equations 
of Eq. (6.3) with m = 0 and Eq. (6.2) with m = 1, 2, 3,…,50 on either side of the Matano plane. 
Variation in 3ijD
~ ’s as a function of m values in second equation was examined as presented in 
Figure 6.2(b), 6.3(b) and 6.4(b). The variation was extrapolated to m = 0 using polynomial 
extrapolation. Requirement given by Eq. (6.7) can then be addressed from Figures 6.2(b), 6.3(b) 
and 6.4(b). The average ternary interdiffusion coefficients determined were also examined by 
utilizing thermodynamic constraints given by Eq. (6.8) denoted as constraint 1, Eq. (6.9) denoted 
as constraint 2, and Eq. (6.10) denoted as constraint 3. Figures 6.2(c), 6.3(c) and 6.4(c) presents 
left-hand-side of Eq. (6.8), Eq. (6.9) and Eq. (6.10) plotted against non-zero “m” value used for 
the determination of average ternary interdiffusion coefficients. 
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Figure 6.2 : (a) Hypothetical and calculated concentration profiles in diffusion couple A vs. B 
with chosen annealing time of 100 hours. (b) Variation in 3ijD
~ ’s as a function of m on either side 
of the Matano plane xo (c) Thermodynamic constraints of interdiffusion coefficients as a function 




Figure 6.3 :  (a) Experimental and calculated concentration profiles for Ni-Al-Ir (L12) diffusion 
couple Ni3Al vs. Ni3Al-Ir annealed at 1200ºC for 5 hours. (b) Variation in 3ijD
~ ’s as a function of 
m on either side of the Matano plane xo (c) Thermodynamic constraints of interdiffusion 
coefficients as a function of m on either side of the Matano plane xo. 
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Figure 6.4 :  (a) Experimental and calculated concentration profiles for Fe-Ni-Al (B2) diffusion 
couple β8 vs. β9 annealed at 1000ºC for 96 hours. (b) Variation in 3ijD
~ ’s as a function of m on 
either side of the Matano plane xo (c) Thermodynamic constraints of interdiffusion coefficients 
as a function of m on either side of the Matano plane xo. 
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Values of average ternary interdiffusion coefficients determined by extrapolation to m = 
0 was the most accurate for couples A vs. B and Ni-26.0Al vs. Ni-23.0Al-2Ir. Table I shows the 
excellent agreement between the “input” 3ijD
~ ‘s with calculated 3ijD
~ ‘s for the hypothetical 
diffusion couple A vs. B. This comparison proves that extrapolation to m = 0 for the 
determination of 3ijD
~  coefficients removes the uncertainty (i.e., ± 5%) observed in backcalculated 
values by Dayananda and Sohn [1]. For the case of β8 vs. β9 couple, use of Eqs. (6.4) where m = 
0 and (6.5) where m = 1 does not provide 3ijD
~  coefficients that satisfy Eqs. (6.7) through (6.10). 
This is due to the fact that the concentration profiles seen in Figure 6.4 consist mostly of “linear” 
segments. For β8 vs. β9 couple, use of Eq. (6.4) where m = 0 and Eq. (6.3) where m=9 yielded 
3
ijD
~  coefficients that satisfy Eqs. (6.7) through (6.10) on the concentration range of (C-∞-Co). 
Similarly use of Eq. (6.4) where m = 0 and Eq. (6.3) where m = 11 yielded 3ijD
~  coefficients that 
satisfy Eqs. (6.7) through (6.10) on the concentration range of side (Co-C+∞). The average ternary 
interdiffusion coefficients determined for β8 vs. β9 couple can be utilized for generation of 
concentration profiles as well. It should be noted that 3ijD
~  coefficients determined in this study 
correspond well to those determined by Boltzmann-Matano analysis [2,3].  
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Table 6.2 :  A comparison between the “input” 3ijD
~ ‘s with calculated 3ijD
~ ‘s on either side of the 
Matano plane for the hypothetical ternary diffusion couple A vs. B, and experimental diffusion 
copules Ni-26.0Al vs. Ni-23.0Al-2Ir and β8 vs. β9. 
Couple 
 
Average ternary interdiffusion coefficients 
(calculated) 


















A vs. B (C
-∞-Co) 0 23.7 8.1 7.4 11.5 23.7 8.1 7.4 11.5 




(C-∞-Co) 0 94.5 88.6 Ng. 1.7 87.1 90.8 Ng. 1.5 
(Co-C+∞) 0 60.6 67.0 Ng. 1.2 59.1 69.6 Ng. 1.3 
β8 vs. β9 
(C-∞-Co) 9 0.6 7.1 Ng. 2.8 Cannot determine due to linear 
segments in concentration 
profiles. (C
o-C+∞) 12 2.4 4.1 Ng. 2.7 
Note: For Ni-26Al vs. Ni-23Al-2Ir, 1=Ni, 2=Ir, 3=Al ; For β8 vs. β9, 1=Al, 2=Ni, 3=Fe; * Ng. 
refers to magnitudes less than 0.1X10-15 m2/sec.  
6.5. Summary 
 
A refined analysis is developed to determine average ternary interdiffusion coefficients in single-
phase diffusion couples and successfully implemented to selected hypothetical and experimental 
data. This technique allows determination of interdiffusion coefficients in ternary alloys even 
from concentration profiles with linear segments, and are comparable to those measured by 
Boltzmann-Matano Analysis. This approach can be applied to near-linear segment of the 
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CHAPTER 7:  SUMMARY 
 
Interdiffusion in Ni-Cr (fcc γ phase) alloys with small additions of Al, Si, Ge, or Pd was 
investigated using solid-to-solid diffusion couples annealed at 900°C and 700°C for 168 and 720 
hours, respectively. Ni-Cr-X alloys having compositions of Ni-22at.%Cr, Ni-21at.%Cr-
6.2at.%Al, Ni-22at.%Cr-4.0at.%Si, Ni-22at.%Cr-1.6at.%Ge and Ni-22at.%Cr-1.6at.%Pd were 
cast using arc-melting and homogenized at 900°C for 168 hours. The diffusion couples were 
assembled in an Invar™ steel jig, encapsulated in Ar after several hydrogen purges, and annealed 
at 900°C and 700°C in a three-zone tube furnace for 168 and 720 hours, respectively. 
Experimental concentration profiles were determined from polished cross-section of these 
couples by using electron probe microanalysis with pure element standards. Interdiffusion fluxes 
of individual components were calculated directly from the experimental concentration profiles, 
and the moments of interdiffusion fluxes were examined to determine average ternary 
interdiffusion coefficients. In general, ˜ D i
eff  was observed to increase with higher Cr 
concentration. Also, ˜ D CrX
Ni  coefficients were determined to be positive with alloying additions of 
Al, Si, Ge, or Pd. The results suggest that these alloying additions can help the formation of 
Cr2O3-scale for initial scale formation, maintaining scale homogeneity during prolonged high-
temperature exposure, and reformation after scale-spallation. 
A similar experimental investigation for interdiffusion in Fe-Ni-Cr (fcc γ phase) alloys 
with small additions of Si and Ge at 900°C was also studied using solid-to-solid diffusion 
couples. Alloy rods, Fe-24 at.%Ni, Fe-24 at.%Ni-22at.%Cr, Fe-24 at.%Ni-22at.%Cr-4at.%Si and 
Fe-24 at.%Ni-22at.%Cr-1.7at.%Ge were cast using arc-melt, and homogenized at 900°C for 168 
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hours and diffusion couples from these alloys were annealed at 900°C for 168 hours. Large 
magnitudes of cross coefficients, ˜ D CrSi
Fe , ˜ D CrGe
Fe , ˜ D NiSi
Fe  and ˜ D NiGe
Fe  were observed in Fe-Ni-Cr-X 
(X=Si or Ge) alloys. The Si addition has caused on uphill-diffusion of Ni while there was no 
measurable uphill diffusion of Ni due to an increase in ˜ D NiNi
Fe  in Fe-Ni-Cr-Ge alloy, despite the 
large positive ˜ D NiGe
Fe . 
Ternary interdiffusion in L12-Ni3Al with ternary alloying additions of Ir, Ta and Re was 
investigated at 1473K using solid-to-solid diffusion couples. Average ternary interdiffusion 
coefficients were determined from an integration of interdiffusion fluxes calculated directly from 
experimental concentration profiles. The magnitude of ˜ D NiNi and ˜ D AlAl coefficients was 
determined to be much larger than that of ˜ D IrIr , ˜ D TaTa , and ˜ D ReRe  coefficients. Ir substituting in 
Ni-site influenced the interdiffusion of Ni significantly, and ˜ D NiIr
Al  coefficients were determined to 
be large and positive. Similar observations was made for Re with large positive NiAlReD
~
 
coefficients. On the other hand Ta substituting for Al influenced the interdiffusion of Al 
significantly, and ˜ D AlTa
Ni  coefficients were determined to be large and positive. An excellent 
agreement was found with ternary interdiffusion coefficients determined by Boltzmann-Matano 
analysis. Profiles of concentrations and interdiffusion fluxes were also examined to estimate 
binary interdiffusion coefficients in Ni3Al, and tracer diffusion coefficients of Ir (14.7 x 10-16 ± 
1.4 x 10-16 m2/sec), Ta (2.6 x 10-16 ± 2.4 x 10-16 m2/sec) and Re (5.4 x 10-16 ± 2.3 x 10-16 m2/sec) 
in Ni3Al. 
Finally, a refined approach to determine average ternary interdiffusion coefficients was 
developed using Onsager’s flow equations with moments of the interdiffusion-parameter 
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integrands. The new analysis [1] developed by Dayananda and Sohn is the basis for this refined 
approach. The interdiffusion coefficients determined by this method are more accurate and can 
be applied to concentration profiles that contains linear segments. 
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APPENDIX B : MATLAB PROGRAM FOR INTERDIFFUSION ANALYSIS 
 221
B.1 Matano Plane Determination 
 
% EXPORT TEXT FILE% 
% NAME THAT DATA FILE AS 'A'% 































B.2 Diffusion Coefficients Determination 
 
%INPUT TIME OF THE ANNEAL IN HOURS, AS e.g. time=168 % 
% INPUT MULTI TO DISPLAY DIFFUSION COEFFICIENT VALUES IN MULTI TIMES 10^-8 
% cm^2/sec' e.g. multi=10000;% 
for i=2:DF; 













for i=2:DF; J1(1)=0+(G1(1)*(1/(2*time*3600))); 
J1(i,1)=J1(i-1)+(G1(i)*(1/(2*time*3600))); 
end; 



























for i=2:DF; j1(1)=0+(g1(1)*(1/(2*time*3600))); 
j1(i,1)=j1(i-1)+(g1(i)*(1/(2*time*3600))); 
end; 















D12R(n,1)=multi*((((sum(o(1:k1,n))/ sum(-g(1:k1,n)))-( sum(j1d(1:k1))/ 




D11R(n,1)=multi*((((sum(o(1:k1,n))/ sum(-h(1:k1,n)))-( sum(j1d(1:k1))/ 




D21R(n,1)=multi*((((sum(p(1:k1,n))/ sum(-h(1:k1,n)))-( sum(j2d(1:k1))/ 




D22R(n,1)=multi*((((sum(p(1:k1,n))/ sum(-g(1:k1,n)))-( sum(j2d(1:k1))/ 




D12(n,1)=multi*((((sum(O(1:k,n))/ sum(-G(1:k,n)))-( sum(J1d(1:k))/ (C1(1)-




D11(n,1)=multi*((((sum(O(1:k,n))/ sum(-H(1:k,n)))-( sum(J1d(1:k))/ (C2(1)-




D21(n,1)=multi*((((sum(P(1:k,n))/ sum(-H(1:k,n)))-( sum(J2d(1:k))/ (C2(1)-




D22(n,1)=multi*((((sum(P(1:k,n))/ sum(-G(1:k,n)))-( sum(J2d(1:k))/ (C1(1)-
C1(k))))/(( (sum(-H(1:k,n)))/ (sum(-G(1:k,n))))-( (C2(1)-C2(k))/ (C1(1)-
C1(k)))))); 
end; 
 
